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 High temperature desulfurization of highly reducing coal-derived gases using ceria 
and ceria-zirconia sorbents is the primary object of this dissertation research. If H2S 
concentration is reduced to less than 20 ppmv such a process may be used with the 
Integrated Gasification Combined Cycle (IGCC), and if reduced to less than 1 ppmv the 
product gas may be used with fuel cells and downstream catalytic process. One important 
benefit of cerium-based sorbent over first generation zinc-based high temperature 
desulfurization sorbents, which have been investigated for more than ten years, is the 
potential to produce elemental sulfur directly during the regeneration phase of the process. 
Even though CeO2 will react with H2S, thermodynamic analysis indicates that the 
IGCC H2S target level of 20 ppmv cannot be reached. However, in a highly reducing gas at 
high temperature, CeO2 is reduced to a non-stoichiometric oxide, which is superior to CeO2 
in removing H2S. Moreover, ZrO2 addition to CeO2 to form a solid solution, Ce1-xZrxO2, 
increases the reducibility of CeO2. This should also result in improved desulfurization 
performance.  
 Pure CeO2 and sorbents, both commercially available and prepared at LSU, were 
tested. X-ray diffraction analysis indicated that all sorbents containing ceria and zirconia 
formed a single phase. Thermogravimetric analysis showed that overall reducibility of Ce1-
xZrxO2 sorbents was better than pure CeO2. BET surface area measurements were also made 
to further characterize the sorbents.  
 In the early stages of this research, commercially available sorbents were used for 
sulfidation tests. Experimental results were very promising. Most of the commercially 
available sorbents showed less than 1 ppmv of H2S in the product gas during the 
 xii
 xiii
prebreakthrough portion of sulfidation tests with feed rates corresponding to about 1.2 
seconds in the reactor residence time at temperature range of 600 to 800oC. However, these 
commercially available sorbents were obtained from different sources and the differences 
in chemical and structural properties overwhelmed the possible effect of ZrO2 addition. 
 Experimental results using LSU sorbents prepared using a coprecipitation method 
also produced favorable desulfurization results. H2S concentration in the product gas was 
reduced to less than 1 ppmv during the prebreakthrough phase of sulfidation tests with feed 
rates corresponding to about 3.8 second reactor residence time at temperatures in the range 
of 600 to 750oC. Addition of ZrO2 did not result in significant reduction of the H2S 
concentration during prebreakthrough, but did increase the duration of the prebreakthrough 
period. Addition of CO2, an oxygen source, to the feed gas decreased the prebreakthrough 
duration, but did not alter the sorbent’s ability to achieve sub-ppmv H2S concentrations 
level during prebreakthrough. 
  
CHAPTER 1. INTRODUCTION 
 
1-1. The Role of Coal in Muting Energy Demand 
It is obvious that energy demand will increase because of increasing population 
and advancing technologies. The demand for energy has increased by 70% since 1970 
and five times more energy than today will be needed by 2100 (Sage, 1998).  
Energy in the U.S. is a $560 billion per year business, accounting for 8% of the 
gross domestic product. The coal industry itself pumps nearly $167 billion into the U. S. 
economy every year (Bajura, 1997).  
Recently, many developed countries have been researching techniques for the use 
of coal as clean energy (Ryu, et al., 1998, Energy Information Administration, 2001). 
Although coal is expected to be displaced by natural gas in some parts of the world, only 
a slight drop in its share of total energy consumption is projected by 2020. Coal continues 
to dominate many fuel markets in developing Asia (Energy Information Administration, 
2001). 
Highlights of the IEO (International Energy Outlook) projections for coal are as 
follows (Energy Information Administration, 2001): 
• World coal consumption is projected to increase by 1.7 billion tons, from 4.7 billion 
tons in 1999 to 6.4 billion tons in 2020. Alternative assumptions about economic 
growth rates lead to forecasts of world coal consumption in 2020 ranging from 5.5 to 
7.6 billion tons. These are shown in Figure 1-1. 
• Coal use in developing Asia alone is projected to increase by 1.7 billion tons. China 
and India together are projected to account for 29 percent of the total increase in 
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energy consumption worldwide between 1999 and 2020 and 92 percent of the world’s 
total projected increase in coal use, on a Btu basis. 
 
Figure 1-1. World Coal Consumption, 1970-2020  
                    (Energy Information Administration, 2001) 
Like other fossil fuels, coal has played an important role in fueling the 
advancement of civilization, but its use also raises environmental concerns. 
Environmental regulations influence fuel competition, particularly in the electric power 
sector. Compliance with progressively stringent restrictions on emissions will be 
increasingly costly and could lead to a reduced demand for coal. The recently released 
DOE Vision 21 program anticipates much more stringent control of hazardous material in 
coal-derived synthesis gas. Therefore, utility companies world-wide must adopt new 
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plans for the future associated with those new regulations. As milestones for preparing 
new technology, “efficiency”, “environmentally sound”, and “low cost” are rising as new 
parameters. Improved technologies may provide cost-effective ways to reduce emissions 
from coal-fired power plants. Even a one percent improvement in the thermal efficiency 
of a coal-fired power plant is significant. Therefore, research and demonstration of 
advanced coal-fired electric power generation systems such as the low emission boiler 
system (LEBS), high performance power system (HPPS), integrated gasification 
combined cycle (IGCC), and pressurized fluidized bed combustion (PFBC) are being 
funded by US Department of Energy (DOE) research, development, and demonstration 
(RD&D) programs (Bajura, 1997). 
1-2. LEBS (Low Emission Boiler System) 
The LEBS is one of the advanced pulverized coal-fired power systems. In 
September 1997, an 80-Mwe LEBS unit was constructed in Elkhart, Illinois. Its design 
features include a novel U-fired furnace and a moving bed copper-oxide flue-gas cleanup 
system. The U-fired furnace converts nearly all of the coal ash into a glass-like slag. 
Particulate matter is controlled by a fabric filter. This glass-like slag represents about 
one-third the volume of fly ash and is a high-value product used as blasting grit and 
roofing granules. SO2 in the flue gas is controlled by reaction with a copper-oxide on 
alumina sorbent and oxygen to form copper sulfate. The sulfated sorbent is regenerated 
by introducing methane, which removes the sulfur as a concentrated stream of SO2 easily 
converted to a high-value sulfur product. NOx is controlled initially by creating a fuel-
rich zone above the main burners to strip oxygen from nitrogen compouds and 
completing combustion in an oxygen-rich zone at relatively low temperatures.  Further 
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NOx control is achieved by injecting ammonia upstream of the sulfated sorbent, which 
serves as a catalyst to convert ammonia and NOx into nitrogen and water. LEBS is 
expected to have efficiencies beyond the 35 percent efficiency of first generation 
pulverized coal-fired systems (DOE, 2000). 
1-3. PFBC (Pressurized Fluidized Bed Combustion) 
PFBC occurs in a combustor within a large pressure vessel. A stream of high-
pressure air passes through the combustor, creating turbulence in a bed of particles and 
ash. The flow velocity has to be maintained to ensure that the particles remain suspended 
and move freely. In this state, the particles and ash behave like a fluid. Coal is added to 
the fluidized bed, along with a sulfur sorbent such as limestone or dolomite, and is 
burned. The system operates at pressures from twelve to sixteen bars. Power is generated 
using combined gas and steam turbines, with about 80% of the electricity generated in the 
conventional steam turbine-generator set (ATLAS, 2002). The steam is produced in tube 
bundles immersed in the fluidized bed. At the same time, the hot exhaust gases leaving 
the combustor under pressure are cleaned and expanded through a gas turbine to generate 
additional electricity. More heat is then recovered from the turbine exhaust gas. The 
thermal efficiency of the process is about 44% and the technology’s environmental 
impact is low (ATLAS, 2002). The PFBC with combined cycle power generation 
involves unique control considerations, as the combustor and gas turbine have to be 
properly matched through the whole operating range. The maximum gas temperature 
from the Fluidized Bed Combustion unit is limited by ash fusion characteristics, and is 
around 900oC (ATLAS, 2002). 
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1-4. HPPS (High Performance Power Generating System) 
HPPS utilizes coal-fired heaters to indirectly heat air for gas turbines. The indirect 
heating excludes all coal combustion products from contaminating the gas turbine 
working fluid, thus avoiding the expense of hot gas cleanup and the corrosion of turbine 
blades by coal ash. However, because the gas turbine working fluid is heated indirectly, 
the highest air temperatures that can be reached by coal combustion are limited by heat 
exchanger materials and fall short of the ideal turbine inlet temperatures for highest 
efficiency. To achieve the desired turbine inlet temperature, a certain amount of premium 
fuel (e.g., natural gas) must be used in a topping cycle. The key part of HPPS is 
availability of structural ceramic that can withstand molten coal ash at high pressures and 
temperatures (United Technologies Research Center, 1995).   
An advantage of the HIPPS cycle is its flexibility to raise steam to advanced 
conditions in the HITAF(High Temperature Advanced Furnace), and independent of the 
gas turbine exhaust temperature. As throttle pressures and reheat temperatures are 
increased, the steam cycle efficiency increases. The current HIPPS Program at DOE is 
being pursued with a target of 47% or better efficiency (Klara, 2000). 
1-5. IGCC (Integrated Gasification Combined Cycle) 
Among these advanced systems, IGCC has been receiving much attention due to 
its increased thermal efficiency and reduced environmental impact compared to 
conventional coal combustion plants (Ryu, 1998). The IGCC is relatively new in 
connection with power generation. Coal-based IGCC plants for power generation passed 
through a critical stage in their development during 1990s. Figure 1-2 shows a schematic 
diagram of the IGCC process. The IGCC uses a combined cycle format with a gas turbine 
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driven by the combusted syngas, while the exhaust gases are heat exchanged to generate 
superheated steam to drive a steam turbine. Most of the power comes from the gas 
turbine. Typically 60 ~ 70% of the power comes from gas turbine with IGCC, compared 
with about 20% using PFBC (IEA, 2002).  
 






































Figure 1-2. Block Diagram of Integrated Gasification Combined Cycle Process 
Coal gasification takes place in the presence of a controlled ‘shortage’ of 
air/oxygen, thus maintaining reducing conditions. The process is carried out in an 
enclosed pressurized reactor (gasifier). The product is ash and a mixture of CO and H2 
(called syngas or fuel gas). The ash by-product is mainly used as construction material. A 
number of contaminants such as particulate matter, tars, ammonia, halogens, alkalis, and 
sulfur species are present in fuel gas. These contaminants must be removed and the 
cleaning process should be performed at high temperature to preventing thermal losses. 
Hot clean low Btu coal gas is combusted in a combustion turbine, which drives an 
electrical generator. Hot flue gas from the combustion turbine then enters a heat recovery 
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steam generator. Some of steam is used for gasfication, and the remaining steam is used 
in a steam turbine, which drives a second generator to produce additional electricity (Ryu, 
1998). 
Three gasifier formats are possible - fixed beds (not normally used for power 
generation), fluidized beds and entrained flow. Fixed bed units use only lump coal, 
fluidized bed units a feed of 3 ~ 6mm size, and entrained flow gasifiers use a pulverized 
feed, similar to that used in PCC (pulverized coal combustion) (IEA, 2002).  
 Current IGCC plants operate with an efficiency of about 43 ~ 45 % (Ryu, 1998), 
compared to about 35% for a conventional pulverized coal plant. The IGCC efficiency 
may exceed 50% or 60% with improved gas turbines and high temperature gas clean-up 
technology (Ryu, 1998). In addition to higher efficiency, IGCC also provides lower 
environmental impact and smaller plant size compared to the conventional process with 
the same power output. 
 The IGCC has also disadvantages. Heat integration is the main variable that 
determines thermal efficiency. Increased integration means increased thermal efficiency, 
but also increases cost and complexity of the process.  
1-6. HGD (Hot Gas Desulfurization) 
For the optimal development of IGCC, high temperature coal gas purification 
technology is necessary. High temperature purification consists primarily of two sub-
technologies - particulate removal and desulfurization (Zeng, 1999).  
The sulfur present in the coal is converted primarily to H2S in the gasifier with  a 
small amount of COS. The H2S can be more readily removed than SO2. Although no NOx 
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is formed during gasification, some is formed when the fuel gas or syngas is subsequently 
burned (IEA, 2002). 
Environmental considerations require less than 20 ppm of H2S in the purified coal 
gas for IGCC applications. Low levels of sulfur are also required to avoid corrosion of 
the combustion turbine blades. In other applications, such as a molten carbonate fuel cell, 
H2S must be reduced to less than 1ppm levels to protect electrodes (Yi, 2000).  
Several liquid scrubbing processes are available for H2S removal to achieve the 
20-ppmv target. These processes, however, do not integrate well with IGCC due to large 
temperature differences. There will be energy losses associated with cooling to scrubbing 
temperatures, which is almost ambient temperature. Therefore, hot gas desulfurization is 
critical to the optimal development of the IGCC and other advanced coal gas processes 
(Zeng, 1999). 
In this research, CeO2 and CexZr1-xO2 were examined as high temperature 
desulfurization sorbents. Commercial CeO2 and CexZr1-xO2 were used during the early 
period of the research; later CeO2 and CexZr1-xO2 having various contents of Zr were 
prepared in house using a co-precipitation method. The prepared sorbents were 
characterized by BET surface area measurement and X-ray diffraction. Reduction 
properties were measured by TGA(Thermogravimetric Analyzer). In the course of the 
research, desulfurizing performance was studied using a high temperature, atmospheric 
pressure reactor system using a simulated coal gas. 
CHAPTER 2. LITERATURE SURVEY 
 
 
2-1. HGD (Hot Gas Desulfurization) 
Hot gas desulfurization is based on the noncatalytic reaction between a metal 
oxide and hydrogen sulfide. This reaction is represented generically by the following 
equation: 
MeO(s) + H2S (g)  MeS(s) + H2O(g)                               (2-1) 
The ultimate capability of removing H2S depends on the thermodynamic 
properties of the metal oxide. In addition, H2S capacity, which is defined as grams of 
sulfur removed by 100 grams of sorbent, is an important parameter. Economic 
considerations require that the sulfided sorbent be regenerable according to the following 
generic reaction: 
MeS(s) +1.5O2(g)  MeO(s) +SO2(g)                             (2-2) 
The sorbent must posess sufficient chemical, physical, and mechanical stability to 
withstand many sulfidation-regeneration cycles. The regeneration reaction is highly 
exothermic leading to reactor temperature control problems. In addition, metal sulfate, 
which is an undesirable by-product, is favored at lower reaction temperatures under 
proper O2 and SO2  partial pressures. The higher regeneration temperatures that are 
required to prevent sulfate formation may cause degradation of mechanical strength  of 
the sorbent and sintering. It may be necessary to use dilute O2 by adding inert gas in the 
regeneration feed to control the temperature (Zeng, 1999). This creates a new problem in 
that SO2 concentration in the off-gas from the regeneration process is low, and the 
ultimate sulfur control problem is more complicated. SO2 must be captured and 
ultimately be converted to elemental sulfur or sulfuric acid. 
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The requirements for hot gas desulfurization sorbents can be represented by the 
following (Westmoreland and Harrison, 1976; Zeng, 1999): 
1. Must be thermodynamically favorable for removal of H2S to the desired levels 
in the specified gas composition at the  temperature and pressure of interest; 
2. Good theoretical capacity as determined by stoichiometry and good 
achievable capacity as deterimed by kinetics; 
3. Rapid sulfidation kinetics; 
4. Stability of reactants and products in a high temperature, reducing atmosphere; 
5. Capable of being regenerated without formation of undesirable by-products, 
e.g., sulfates; 
6. Stability through multiple sulfidation and regeneration cycles; 
7. Reasonable cost. 
Westmoreland and Harrison (1976) identified the oxides of eight different metals 
(Co, Cu, Fe, Mn, Mo, V, W, and Zn) as possible sorbents capable of reducing H2S 
concentrations from 1mol% to below 100ppmv at reaction conditions of potential interest.  
2-2. History of Sorbent Development 
2-2-1. Iron Oxide 
In early sorbent development work, iron oxide received great attention (Ryu et al., 
1998). Since 1970, various iron-based sorbents have been investigated due to their large 
desulfurization capacity, low cost, and good regeneration properties. Iron oxide has 
favorable thermodynamic equilibrium with H2S and can achieve 95% sulfur removal at 
360 ~ 660oC. However, iron oxide may exist in several forms - Fe2O3, Fe3O4, and FeO - 
depending on temperature and partial pressure of CO and H2. Iron oxide tends to be over-
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reduced at high temperature, which makes it unsuitable for multiple cycles of 
sulfidation/regeneration (Ryu et al., 1998).  
2-2-2. Zinc Oxide 
ZnO has been investigated as an alternative to iron oxide due to its favorable 
thermodynamic equilibrium with H2S.  ZnO has the most favorable thermodynamics for 
H2S removal among sorbents that have been investigated except for CuO (Jun et al., 
2001). ZnO is known to react with H2S over a wide range of temperatures and pressures. 
The proper temperature range for sulfidation of ZnO is 500 ~ 700oC (Gibson and 
Harrison, 1980). Despite its attractive thermodynamic properties, the reduction of ZnO 
and subsequent vaporization of elemental zinc create a serious problem over many cycles 
of sulfidation/regeneration at high temperatures (Jun et al., 2001; Tamhankar et al., 1986).   
As alternatives to pure ZnO, metal oxides such as CaO, Fe2O3, TiO2 and CuO have 
been added to ZnO (Yoo, 1986; Focht et al., 1988; Lew et al., 1989). Among the mixed 
metal oxides, zinc ferrite (ZnFe2O4) originally developed at the U.S. Department of 
Energy/Morgantown Energy Technology Center (DOE/METC), has been studied 
extensively. It combines the favorable thermodynamic equilibrium property of ZnO and 
large reactivity of iron oxide (Ayala and Marsh, 1991). Zinc ferrite is capable of 
undergoing multiple sulfidation/regeneration cycles and of reducing H2S concentrations 
down to several ppmv (Focht et al., 1988; Abbasian, 1992). Zinc ferrite, however, is prone 
to reduction of both of its component oxides at high temperatures, so elemental Zn vapor 
and undesirable over–reduced iron or iron oxides are formed (Li and Stephanopoulos, 
1997). When tested in multiple sulfidation/regeneration cycles, it was found that zinc ferrite 
had a problem associated with durability (Gangwal et. al., 1989; Harrison, 1998). 
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During the mid-1980s, zinc titanate (ZnO⋅xTiO2) was proposed as an advanced 
sorbent as a result of research at the Massachusetts Institute of Technology (Lew et al., 
1989). They established that zinc titanates could impart stability to ZnO against reduction 
to elemental zinc. Zinc titanate has good resistance to the reducing coal gas, thermal 
stability below 760oC and better attrition durability (Gangwal, 1989). TiO2 also 
accelerates the oxidative regeneration of ZnS in the presence of both O2 and H2O (Hatori 
and Sasaoka, 2001). However, zinc titanate has disadvantages such as extensive spalling 
and cracking of pellets, and progressive loss of reactivity over multiple 
sulfidation/regeneration cycles above 650oC (Jun et al., 2001). The spalling and cracking 
has been attributed to carbon deposition and the formation of ZnSO4 during regeneration 
(Gangwal, 1989). 
2-2-3. Copper Oxide 
In parallel with the research on zinc titanate, copper oxide has also been 
investigated. Copper oxide has several attractive features. It does not suffer from the 
vaporization problem associated with zinc-based sorbents, and it has the most favorable 
thermodynamic equilibrium with H2S among known sorbents. However, it is susceptible 
to sulfate formation at low temperature and it is very difficult to maintain as copper oxide. 
Copper oxide is easily reduced to copper metal in a reducing atmosphere. Also, copper 
oxide has a lower capacity than zinc oxide (Focht, 1988). 
2-2-4. Cerium Oxide 
In the late 1980’s, CeO2 was proposed as a desulfurization sorbent candidate. 
Meng and Kay (1986) reported that coal gas desulfurization would likely result in the 
formation of oxysulfide, Ce2O2S, not sulfide as with other candidate sorbents. 
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Westmoreland (1974) excluded CeO2 from the list of possible candidates for 
desulfurization sorbents because thermodynamic data for Ce2O2S was unknown at that 
time.  
Kay and Wilson (1988) carried out ceria desulfurization experiments using fuel 
gases, where sulfur is predominantly present as H2S, and flue gases, where sulfur is 
predominantly present as SO2. Prereduction of CeO2 to non-stoichiometric CeO2-x prior 
to desulfurization was carried out by flowing a 95%N2/5%H2 gas mixture through the 
sorbent for 2 hours at 800oC. They claimed that CeO1.92 was formed and was identified 
by thermal gravimetric analysis.  
The fuel gas desulfurization was carried out at 800oC with a gas composition of 
45.7% CO, 30.4% H2, 22.9%CO2, and 1.0% H2S, and the H2S concentration of the 
effluent gas mixture was reduced to less than 3 ppm during the primary desulfurization 
period. They also varied the CO/CO2 ratio for desulfurization tests. The H2S 
concentration and primary breakthrough time were strongly dependent on CO/CO2 ratio 
of the feed gas and temperature.  
Zhang (1997) suggested using CeO2 as a primary desulfurization sorbent to 
reduce H2S from 1% to several hundred ppmv followed by a zinc-based sorbent to reduce 
H2S from several hundred ppmv to several ppmv.  The advantage associated with the 
sorbent combination was the possibility of direct sulfur recovery during Ce2O2S 
regeneration using the following reaction (Zhang, 1997).  
Ce2O2S(s) + SO2(g)  2CeO2(s) + S2(g)                               (2-3) 
Full details of the process analysis may be found in Zhang’s (1997) thesis. The process 
analysis was based on thermodynamics and preliminary experimental results.  
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 Zeng (1999) also studied the effect of prereduction of CeO2 on H2S removal 
efficiency at 700oC. The CeO2-x sorbents were prepared by flowing 10%H2/90%N2 
through CeO2 for 4 hours at 700oC. In subsequent desulfurization experiments, H2S 
concentration was reduced from 2500 to 5 ppmv without prereduction and from 2500 to 1 
ppmv with prereduction. While CeO2-x (0<x<0.5) can remove H2S down to 1 ppmv, it 
requires a long prereduction time to reach equilibrium before desulfurization. 
2-3. Cerium Oxide Properties 
2-3-1. Reduction Thermodynamics 
It is well known that CeO2 reacts with H2S by the following reaction: 
2CeO2(s) + H2(g) + H2S(g)  Ce2O2S(s) + 2H2O(g)                (2-4) 
Meng and Kay (1986) reported the phase stability diagram at a temperature of 1073K for 
the Ce-O-S system shown in Fig. 2-1. According to this diagram, coal gas desulfurization 
would likely result in the formation of oxysulfide, Ce2O2S, not sulfide as with other 
candidate sorbents. From the phase stability diagram, it is noted that formation of Ce2S3 
from CeO2 is favored only when the partial pressure of sulfur is very high and that of 
oxygen is extremely low; Ce2O2S is the more likely sulfidation product. It is also noted 
that while the direct conversion of CeO2 to Ce2O2S is possible only over narrow ranges of 
sulfur and oxygen pressures, reduced cerium oxide, CeO2-x, is more easily converted to 
Ce2O2S.  
In fact, Ce2O3 should be capable of removing H2S to extremely low levels by the 
reaction: 
Ce2O3(s) + H2S(g)  Ce2O2S(s) + H2O(g)                      (2-5) 
However, the partial pressure of O2 required to form Ce2O3 is extremely low (<10-26), 
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much lower than the PO2 in an actual coal gas. Meng and Kay (1986) therefore suggested 
the use of partially reduced CeO2 represented by the following reaction: 
2CeO2-x(s) + H2S(g) + (1-2x)H2(g)  Ce2O2S(s) + 2(1-x)H2O(g)      (2-6) 
where 0<x<0.5 
The equilibrium value of x (0<x<0.5) depends on temperature and partial pressure of 
oxygen and sulfur. 
 
 








T = 1073K 
α - Ce2S3 



















-28 -20 -12 - 4 + 4
 Log PS2  
Figure 2-1. The Ce-O-S Phase Stability Diagram  (Meng and Kay, 1986) 
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Bevan and Kordis (1964) collected data for the equilibrium value of n in CeOn as 
a function of temperature and the equilibrium partial pressure of oxygen. These data are 
shown in Figure 2-2. The equilibrium value of n decreases with decreasing oxygen partial 
pressure and with increasing temperature. That is, a lower equilibrium value of n can be 
reached in highly reducing atmospheres at higher temperature. Bevan and Kordis (1964) 
also claimed that there exists a single non-stoichiometric solid phase between CeO2 and 
CeO1.72 at all temperatures above 685oC.  
The work of Bevan and Kordis (1964) was extended by Sørenson (1976), who 
produced a stability phase diagram of the Ce-O system, shown in Figure 2-3, based on 
the data from Bevan and Kordis (1964). Solid lines indicate solid phases, and dotted lines 
are for the uncertain phases. Sørenson (1976) claimed that the face centered cubic (fcc) 
structure of CeO2 is maintained and that defects are formed when oxygen removal begins.  
2-3-2. Sulfidation Thermodynamics 
Thermodynamic properties of cerium materials are reported in many references 
such as Bevan and Kordis (1964), Sørenson, (1976), Kay and Jalan (1993), and Barin et 
al. (1993). Zeng (1999) carried out a literature survey and calculated the enthalpy and 
free energy changes for sufidation reactions of both CeO2 and Ce2O3 as functions of 
temperature, and found that CeO2 sulfidation is endothermic and that Ce2O3 sulfidation is 
exothermic.    
The equilibrium H2S concentration associated with the sulfidation of CeO2 or 
Ce2O3 is a strong function of temperature but a weak function of pressure because there is 
no change in mole numbers in the gas phase. The equilibrium sulfur content decreases as 
the degree of reduction increases. 
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Figure 2-2. Reduction of CeO2 to CeOn as a Function of Equilibrium Oxygen Partial 






Figure 2-3. Ce-O Phase diagram (Sørenson, 1976) 
Since the degree of reduction depends on the reducing strength of the gas, the 
equilibrium H2S concentration also depends on coal gas composition, specifically the 
CO2, H2O, CO and H2 concentrations. Table 2-1 shows three different coal gas 
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compositions representing the products from a Shell oxygen-blown gasifier, Texaco 
oxygen-blown gasifier, and KRW air-blown gasifier. 
Table 2-1. Typical Compositions of Shell, Texaco, and KRW gases 
Components Composition, mol% 
 Shell Texaco KRW 
CO 60 40 15 
H2 29 31 10 
CO2 2 10.5 5 
H2O 5 17 15 
H2S 1 1 1 
N2 3 - 54 
NH3 - 0.2 - 
CH4 - 0.3 - 
 H2 + CO  
 H2O + CO2  
12.7 2.59 1.25 
 
The reducing strength may be expressed qualitatively as the ratio of concentration 
of reducing gases (H2, CO) to oxidizing gases (CO2, H2O). Zeng (1999) calculated the 
ratios, which are shown in Table 2-1 for the three different gases. The reducing strength 
of Shell gas is much greater than those of either Texaco and KRW. 
An alternate way of comparing the reducing strength of the coal gases is 
presented in Figure 2-4. The gas compositions from Table 2-1 were used to calculate the 
equilibrium oxygen partial pressures shown Figure 2-4 using HSC Chemistry software 
with the assumption that the activity coefficients of all species were one and all possible 


































Figure 2-4. Equilibrium Oxygen Partial Pressure as a Function of Temperature 
 The equilibrium oxygen partial pressure increases with increasing temperature 
for all three gases. The equilibrium oxygen partial pressure for the Texaco gas is much 
higher than that of the Shell gas at all temperatures, and has a similar value with KRW 
gas in the low temperature region (200 ~ 550oC). In the high temperature region (550 ~ 
800oC), the equilibrium oxygen partial pressure of the KRW gas is higher than that of 
both the Texaco and Shell gases. That is, the Shell gas has considerably greater reducing 
strength than other gases.   
Zeng (1999) calculated the equilibrium H2S concentration for the sulfidation 
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α = 2, β = 1 for CeO2 sulfidation (reaction 2-4) 
α = 1, β = 0 for Ce2O3 sulfidation (reaction 2-5) 
 α and β are the stoichiometric coefficients of H2O and H2, and K is the equilibrium 












These calculated values are shown in Figures 2-5 and 2-6. For CeO2 sulfidation, H2S 
concentration decreases as the temperature increases for all three coal gases. Even with 
the Shell gas, which has the greatest reducing power, equilibrium H2S concentrations are 
above 100 ppm over the entire temperature region (500 ~ 1000oC). On the other hand, 
with Ce2O3 sulfidation, the sulfidation thermodynamics are extremely favorable for all 
three gas compositions over the entire temperature range. This reaction is exothermic, 
and H2S concentration increases with increasing temperature. If the Ce2O3 state could be 
reached by reduction, extremely low H2S equilibrium concentration would be achieved.  
Zeng (1999) used a thermogravimetric analyzer for a series of cerium oxide 
reduction experiments. The composition of reducing gas was 3.5% CO2, 40% H2, and 
balance He. A value of (2-x) = 1.86 was achieved at 1000oC.  
Since excellent desulfurization can be obtained using CeO2-x (0<x<0.5) sorbent, 
the following sections discuss the general uses and properties of CeO2 to identify possible 

























































Figure 2-6. Sulfidation Thermodynamics: Ce2O3-H2S Equilibrium (Zeng, 1999)
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2-3-3. CeO2 and CeO2-x in Automotive and Oxidation Catalysis 
CeO2 has been used in three way automobile catalytic converters (TWC) since 
1976 (Murota et al., 1993; Colon et al., 1998; Hori et al., 1999; Flytzani-Stephanopoulos, 
2001). It serves as an oxygen storage component (OSC) that releases oxygen under fuel 
rich conditions and absorbs oxygen under fuel lean conditions so that the noble metal 
catalyst can be operated at the proper stoichiometric ratio (Zhou et al., 1995; Trovarelli et 
al., 1997; Muccillo and Avila, 1999; Flytzani-Stephanopoulos, 2001). The release of 
oxygen assists in the control of unburned hydrocarbons and CO, while oxygen removal 
helps in the control of NOx 
Cerium oxide has the fluorite (CaF2) structure consisting of a cubic close-packed 
array of metal atoms with all tetrahedral holes filled by oxygen (Trovarelli, 1996; 
Trovarelli et al., 1997). When it is treated in a reducing atmosphere at elevated 
temperature, CeO2 forms a continuum of oxgen-deficient, nonstoichiometric CeO2-x 
oxides (with 0<x<0.5). Even after loss of considerable amounts of oxygen from its lattice, 
it remains in the fluorite structure, and it is readily reoxidized to CeO2 by exposure to an 
oxidizing environment (Trovarelli, 1996; Balducci et al., 1998). 
In theoretical calculations, Hori et al. (1999) showed that CeO2 could be reduced 
only to CeO1.9925 if only surface oxygen defect sites are created. Therefore, any further 
reduction must include bulk oxygen. Pure CeO2 was reduced to CeO1.98 by removing bulk 
O2- from the lattice with a reducing gas composition of 5% H2 and balance N2 at 800oC 
(Hori et al., 1999). 
2-3-4. Oxygen Diffusion in Ceria 
Oxygen diffusion in ceria and similar systems is one of the main factors in 
reduction and oxidation reactions, where it may be the rate-controlling step determining 
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the overall the kinetics of the process. The rates of several catalytic oxidation reactions, 
which occur without oxygen from the gas phase, but use oxygen from the solid, are 
known to depend on oxygen diffusion parameters. In addition, reduction of ceria, which 
is believed to involve two distinct steps (surface and bulk reduction), may be dependent 
on the availability of bulk oxygen (Trovarelli, 2001). 
Diffusion data are generally reported in terms of a diffusion coefficient D (cm2/s), 
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Where Do is the pre-exponential factor which contains terms associated with the 
concentration of ionic carriers, and Ea is the overall activation energy, which includes 
terms related to the energy needed to move the defect, the energy for defect formation 
and the defect association energy.  
Table 2-2 shows oxygen diffusion data (Trovarelli, 2001). The fact that the 
activation energy of stoichiometric ceria is higher than that of CeO2-x is explained by a 
decrease in the energy needed to create a defect in CeO2-x compared to CeO2. In the case 
of CeO2, all the anions in the sub-lattice are occupied, while in CeO2-x anion vacancies 
are already present.  
Table 2-2. Oxygen Diffusion Data of CeO2-Containing Oxides (Trovarelli, 2001).  
Sample D0 (cm2/s) Ea (Kcal/mol) T(K) 
CeO2 1.9×10-4 21.3 1123-1423 
CeO1.92 1.4×10-4 11.9 1123-1423 
CeO1.8 1.5×10-5 3.6 1123-1423 
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Alternatively, the diffusion coefficient can be estimated from ionic conductivity 






where σi is the ionic conductivity, k is the Boltzmann constant, T is the absolute 
temperature, Ci is the concentration of ionic carriers (N/cm3) and Ze their charge 






where a0 is the lattice parameter and x the number of vacancies per unit formula 
(Trovarelli, 2001). 
2-4. Ceria-Zirconia Mixture  
Recent research has shown that introduction of zirconium, gadolinium, or terbium 
cations to form solid solutions with CeO2 result in higher oxygen mobility and better 
redox properties (Zhou et al., 1995; Trovarelli et al., 1997; Colon et al., 1998; Hori et al., 
1999; Muccillo and Avila, 1999; Rossignol et al., 1999). When a CeO2 based catalyst is 
used in CO or CH4 oxidation, the Ce-Zr-O solid solution gives a lower light off 
temperature than pure CeO2  (Flytzani-Stephanopoulos, 2001). Also Muccillo and Avila 
(1999) reported that when Zr is introduced into the CeO2 lattice, the surface area 
reduction is less severe than with pure CeO2. That is, introduction of Zr increases the 
thermal stability of the solid solution and decreases sintering. 
There has been much effort to increase the oxygen storage capacity (OSC) of 
CeO2. One way is to dope ceria to make solid solutions. The solid solution should 
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promote the formation of oxygen vacancies and increase the mobility of oxygen through 
the lattice (Trovarelli et al., 1997). Two types of oxygen vacancies can be created in 
ceria: intrinsic and extrinsic. Intrinsic vacancies are created on reduction of ceria 
according to the following redox process: 
CeO2 + δR ↔ CeO2-δ + δRO + δVo                           (2-7) 
R is the reductant and Vo is an oxygen vacancy. The δ value is dependent on temperature 
and partial oxygen pressure (Trovarelli et al., 1997).  
If a second oxide whose cation, M, having a valence of two or three is introduced 
to a CeO2 lattice, extrinsic oxygen vacancies can be obtained by the following equations: 
(1-α)CeO2 + 0.5αM2O3 ↔ Ce1-αMαO2-0.5α + δ’Vo                         (2-8) 
(1-α)CeO2 + αMO ↔ Ce1-αMαO2-α + δ’’Vo                          (2-9) 
The oxygen storage capacity of ceria can benefit from either type of defect. In some cases, 
such as with the introduction of Gd3+, La3+, and Pr3+, the increased OSC is obtained 
chiefly through the creation of extrinsic-type defects (Trovarelli et al., 1997).  
 When M has a valence of four, extrinsic oxygen vacancies are not created. 
However, it is known that a cation such as Zr4+ promotes the kinetics of Ce4+ reduction, 
increases intrinsic oxygen vacancies and enhances oxygen storage. This can be checked 
by comparing reduction of CeO2 and ceria-zirconia solid solutions using H2: 
Ce1-αZrαO2+δ’’’H2 ↔ Ce1-αZrα O2-δ+ δ’’’H2O+δ’’’Vo   (δ’’’> δ)              (2-10) 
The value of δ’’’ also depends on the value of α. The highest value of δ’’’ in the low 
temperature range (700 ~ 900K) occurred with α=0.5, and the highest value of δ at higher 
temperature (1300K) occurred with α = 0.2 (Hori et al., 1998; Trovarelli et al., 1997). 
The reduction of Ce-Zr-O can be represented visually as shown in Fig. 2-7. Bulk O2- 














Figure 2-7. Reduction Mechanism of CeO2-ZrO2 
Hori et al. (1998) compared the CO oxidation reaction rate with Pt/ceria and 
Pt/ceria-zirconia. When pure ceria was used as the support for Pt, the amount of CO2 
produced was totally dependent on the CeO2 surface area. However, when ceria-zirconia 
was used, the amount of CO2 produced was independent of the CeO2-ZrO2 surface area. 
The oxygen supplied from CeO2-ZrO2 was three times larger that that from CeO2. When 
Zr was introduced, oxygen was supplied by bulk oxygen transfer that is relatively 
independent of surface area. Pure CeO2 was reduced to CeO1.98 by removing bulk O2- 
from the lattice, while Ce0.75Zr0.25O2 was reduced to Ce0.75Zr0.25O1.90 by removing bulk 
O2- (Hori et al., 1999). 
 Unfortunately, the availability of thermodynamic data for cerium zirconium 
oxides is effectively nonexistent. 
 Fornasiero et al.(1995) performed  temperature-programmed reduction (TPR) in a 
H2/Ar (10/90) mixture of Rh-loaded CeO2-ZrO2 solid solutions with the ZrO2 content 
varying between 10 and 90% mol. Their TPR results are shown in Table 2-3. Fornasiero 
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et al.(1995) assumed that ZrO2 was stable so that all reduction was associated with CeO2 
and found that incorporation of ZrO2 into a solid solution with CeO2 strongly promotes 
bulk reduction of the solid solution in comparison to that of pure CeO2. For the CeO2-
ZrO2 solid solutions, H2 consumption varied with ZrO2 content at both low temperature 
(840 ~ 925K) and high temperature (1055 ~ 1110K).  
It is noted from the Table 2-3 that the degree of reduction at low temperature is a 
maximum when CeO2 content is in the range of 30 to 60 mol%. In other words, when the 
ZrO2 content in the CeO2-ZrO2 solid solution increases the temperature that reduction 
occurs decreases. Degree of reduction after HT represents overall reduction, which is 
final value of n after temperature reached 1110K, and 20 mol% of ZrO2 showed 
maximum reduction tendency. 
Table 2-3. TPR of  CeO2-ZrO2 Solid Solution and CeO2 (Fornasiero, et al., 1995) 
Peak Temperature Degree of Reduction, (n in CeZrOn) 
CeO2 content 
(mol%) Low Temp. (LT) High Temp. (HT) After LT After HT 
10 925 - 1.95 - 
20 850 - 1.91 - 
30 810 - 1.87 - 
40 700 1100 1.88 1.83 
50 670 1080 1.87 1.80 
60 670 1085 1.87 1.77 
70 700 1055 1.92 1.77 
80 715 1055 1.91 1.75 
90 840 1105 1.96 1.79 
100 - 1110 - 1.80 
  
Trovarelli, et al.(1997) performed TPR using CeO2-ZrO2 solid solutions prepared by 
mechanical milling. The sample (50 ~ 70 mg) was contained in a U-shaped quartz 
microreactor inserted into a furnace (300 ~ 1473K, 10K/min) and exposed to 5% H2 in Ar 
(35ml/min STP). H2 consumption was monitored with a thermal conductivity detector. The 
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degree of reduction and H2 consumed are shown in Table 2-4. The degree of reduction was a 
maximum corresponding to n = 1.736 when the ZrO2 content was 20 mol%.  
Table 2-4. Reduction Features of CeO2-ZrO2 Prepared by Mechanical Milling (Trovarelli,       
                 et al.,1997). 
Sample H2 consumed, µmol/g 
Degree of Reduction, 
(n in CeZrOn) at 1473K 
CeO2 1336 1.76 
Ce0.8Zr0.2O2 1626 1.736 
Ce0.5Zr0.5O2 1388 1.795 
Ce0.2Zr0.8O2 699 1.911 
 
 In addition to Fornaserio, et al.(1995) and Trovarelli, et al.(1997), similar results 
have been presented by Luo, et al.(1998), Hori, et al.(1998), and Trovarelli, et al.(2001). 
These studies show that when ZrO2 is added to form CeO2-ZrO2 solid solutions the 
reduction properties improve. However, the reduction trends and degrees of reduction are 
sometimes different because the preparation methods and consequently, the structural 
properties are different.  
2-5. Preparation of CeO2 and Ce-Zr-O2 
The preparation process affects certain properties of ceria-based materials such as 
the phase, particle size, surface area, catalytic activity, and oxygen storage capacity 
(OSC). Many studies have been carried out to develop ceria-based materials of high 
catalytic activity, OSC, and thermal durability. Currently, preparation methods are 
classified into three categories, which are solid-solid synthesis, liquid-solid synthesis and 
gas-solid synthesis. Solid-solid synthesis has an advantage of low cost, but is not 
appropriate for ultra pure materials. Liquid-solid synthesis is the easiest method because 
it occurs near ambient temperature, but solvent is consumed. Gas-solid synthesis is good 
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for ultra pure and extremely small size material preparation, but the cost is high. The 
following sections deal with more detailed aspects of the three preparation categories. 
2-5-1. Solid - Solid Synthesis 
2-5-1-1. Ceramic Method 
This method is the oldest and the most common method of preparing 
multicomponent inorganic materials. Solid-state reactions are usually very slow so that 
high temperatures are necessary to complete the reaction. This method is preferred for 
solid material preparation, particularly in a form of polycrystalline powder, with low cost 
on an industrial scale. The first stage of the reaction is the formation of nuclei of the 
product phase. Nucleation is generally difficult when the structure of the product is 
different from that of the reactant because considerable structural reorganization of the 
lattice is required. However, if the structures of the products and reactants are similar, 
like in the ceria-zirconia system, the nucleation occurs very easily (Adachi and Masui, 
2001).  
In the ceria-based materials system, the starting reactants most commonly used 
are oxides. Typically, the starting materials are mixed in an agate mortar or in an agate 
ball mill for several hours as dry powders or as wet slurries using solvents. The mixed 
powders are isostatically pressed into pellets at 20 MPa and fired in air at 1000 ~ 1400oC 
for several hours. After firing, they are crushed, ground, pressed again at 200 MPa and 
refired at 1600 ~ 1800oC. Finally, quenched products are crushed and ground again into 
powders. Using this method, several CeO2-ZrO2 mixed oxides have been synthesized 
covering a range of composition  (Adachi and Masui, 2001). 
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2-5-1-2. Mechanical Milling 
The use of mechanical milling is a suitable method for powder preparation. The 
product is powders of small crystallite size of a few nanometers with a high concentration  
of lattice defects (Trovarelli et. al., 1997).  
Powders with typical surface areas in the range of 10 ~ 50 m2⋅g-1 are placed in a 
high-energy vibratory ball mill in the desired stoichiometric amount. The mill is equipped 
with zirconia balls made of stabilized-zirconia (Adachi and Masui, 2001). CeO2-ZrO2 
with good homogeneity was obtained with this method (Leitenburg et al., 1995).  
During the ball-milling, the particles are subjected to local high pressure and 
mechanical deformation during collisions with the hard zirconia balls. Long duration of 
ball milling results in the formation of nanosized grains having a high density of 
dislocations. However, Trovarelli et. al. (1997) claimed that the above phenomena do not 
fully explain the formation of a solid solution and that other factors must also be 
considered.  
2-5-2. Liquid - Solid Synthesis 
Compared to solid state methods, liquid methods do not require high temperature 
or pressure. Synthesis in the liquid phase is useful for preparation of solid compounds 
that contain the different cations in an ideal atomic dispersion.  
2-5-2-1. Precursor Method 
Ceria-based oxides can be obtained from the decomposition of precursors such as 
hydroxides, nitrates, halides, sulfates, carbonates, formats, oxalates, acetates, and citrates. 
When the precursors are obtained, they are usually dried, heated at about 600K to remove 
unwanted volatile materials, and then calcined at about 1100K. 
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Nanosize or porous cerium oxide particles have been prepared at low 
temperatures by pyrolysis of amorphous citrate, which is prepared by the evaporation of 
the solvent from the aqueous solution containing cerium nitrate and citric acid (Adachi 
and Masui, 2001).   
2-5-2-2. Precipitation and Coprecipitation Method 
Precipitation or coprecipitiation methods are the most widely used for 
synthesizing solid materials from solution. These methods utilize a liquid phase reaction 
to prepare insoluble compounds that are crystalline or amorphous precipitates.  
Usually, ceria preparations are carried out by calcination of the hydroxide or 
oxalate gel precipitated using the reaction of an aqueous solution of inorganic cerium salt 
such as Ce(NO3)3, CeCl3, CeSO4 and (NH4)2Ce(NO3)6 with an alkali solution such as 
NaOH, NH4OH and (NH2)2⋅H2O (Adachi and Masui, 2001; Yao et al., 1997; Rossignol, S. 
et al., 1999). 
Coprecipitation is used to prepare ceria-based materials on both laboratory and 
industrial scales because it has many advantages over other processing techniques. 
Coprecipitation produces nanosized powders usually with high sinterability and improved 
chemical homogeneity. In addition, the milling procedure is normally unnecessary, 
therefore avoiding powder contamination. The coprecipitation technique involves a 
number of variables that must be controlled for processing reproducibility. These 
processing variables influence the microstructure of the sintered ceramics thereby 
affecting their micro structure-related properties (Muccillo and Avila, 1998).  
Table 2-5 shows synthesis conditions, average particle sizes, and BET surface 
areas of ceria-zirconia synthesized by the precipitation method (Adachi and Masui, 2001). 
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In this research, CeO2 and CeO2-ZrO2 were prepared by the coprecipitation method using 
starting materials of Ce(NO3)3⋅6H2O and  ZrO(NO3)2⋅xH2O. The precipitant was NH4OH. 
Table 2-5. Synthesis Condition of CeO2-ZrO2: Coprecipitiation (Adachi and Masui, 2001).   
Sample Starting materials Precipitant Calcination temp. /K 
Average 
particle 





NH4OH 873 31 70.2 
773 - 85 




1173 - 27 
823 - 87 
973 - 73 
1073 - 47 
1173 - 29 





1373 - 4.5 
773 - 104 




1173 - 25 
 
2-5-2-3. Sol-Gel Method 
The sol-gel method is suited for the synthesis and preparation of ultrafine oxide 
materials at relatively low temperature (Rossignol et al., 1999). A sol is a stable colloidal 
dispersion of small particles suspended in a liquid. The particles are amorphous or 
crystalline and particle aggregation is prevented by electrostatic repulsion. The particles 
in some solutions interact to form a continuous network of connected particles called a 
gel, instead of aggregating to form continuous particles.  
The sol may be produced by hydrolysis of reactive metal compounds. Metal 
alkoxides (M(OR)n), where M is a metal and R is alkyl group such as CH3, C2H5 or C3H7 , 
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are generally dissolved in an alcohol. Addition of water causes hydrolysis of the metal 
alkoxides to form hydroxides. 
 
M(OR)n + n H2O  M(OH)n + n ROH                                   (2-11) 
 
This is followed by a series of condensation reactions between hydroxide groups. The 
overall reaction is represented by the following chemical equation. 
 
M(OH)n  MOn/2 + n/2 H2O                                         (2-12) 
 
This method allows mixed oxide gels to be produced by mixing their alkoxide solutions 
prior to hydrolysis.  
Adachi and Masui (2001) prepared a solid solution of CeO2 and ZrO2 by using 
sol-gel hydrolysis of an alcoholic solution of zirconium alkoxides (n-propoxide and n-
butoxide) in the presence of aqueous solutions of cerium nitrate. The sol-gel method is 
reported to give more stable CexZr1-xO2 solutions with higher cerium contents than the 
coprecipition method (Rossignol et al., 1999). Balducci et al.(1995) examined the redox 
behavior of CexZr1-xO2 prepared by the sol-gel method. Table 2-6 shows synthesis 
conditions, average particle sizes, and BET surface areas of cerium-zirconia synthesized 
by the sol-gel method. As shown in Table 2-6, BET surface area of solid solutions 
prepared by the sol-gel method are less affected by calcination temperature compared to 
the coprecipitation method. In addition, the average particle size of solid solutions 
produced by the sol-gel method are smaller than those produced by the coprecipitation 
method. 
 34
Table 2-6. Synthesis Condition of CeO2-ZrO2: Sol-Gel Method (Adachi and Masui, 2001).   
Sample Starting materials Calcination temp. /K 
Average  
Particle 
size / nm 
SBET /m2g-1 
Ce0.98Zr0.02O2 Ce(NO3)3⋅6H2O, Zr(OC3H7)4 873 - 62 
Ce(CH3COCHCOCH3)3, Zr(OC4H9)4 775 4.7 94 
Ce(NO3)3⋅6H2O, Zr(OC3H7)4 873 4.4 75 Ce0.9Zr0.1O2 
Ce(NO3)3, Zr(OC4H9)4 1053 - 55 
Ce0.8Zr0.2O2 Ce(CH3COCHCOCH3)3, Zr(OC4H9)4 775 - 109 
Ce0.75Zr0.25O2 Ce(NO3)3⋅6H2O, Zr(OC3H7)4 873 4.0 63 
Ce0.6Zr0.4O2 Ce(CH3COCHCOCH3)3, Zr(OC4H9)4 775 4.0 138 
 
2-5-2-4. Electrochemical Method. 
Electrochemical synthesis is an attractive method for preparing nanocrystalline 
cerium oxide powder because it offers the advantages of low-temperature synthesis, low 
cost, high purity, and controlled microstructure. In the electrochemical synthesis of oxide 
particles, both anodic and cathodic methods can be applied. The pH of the solution is 
adjusted so that the initial oxidation state is stable; then the electrogenerated higher 
oxidation state goes through hydrolysis to a metal hydroxide. In the cathodic method, 
cathodic currents are used to generate a base at an electrode surface, and the 
electrogenerated base then goes through hydrolysis to metal ions or complexes. The pH 
value at the electrode surface is considerably higher than that of the bulk solution. 
Nanocrystalline cerium oxide powders with an average particle size of 10-14 nm 
have been prepared by the cathodic base electrogeneration method (Switzer, 1987). 
Ultrafine CeyZr1-yO2  powder with an average particle size of 5 nm has been prepared by 
an electrochemical method with an inverted shaft-disk electrode (Mukherjee et al., 2001).  
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2-5-3. Gas to Solid Preparation (Gas condensation) 
The most commonly used technique of gas to solid synthesis involves the 
condensation of a vapor produced by heating a solid or liquid starting material.  This 
technique is very popular in preparation of thin films and nanoparticles (Adachi and 
Masui, 2001). The starting material, usually in the form of a solid powder (mostly a 
metal) is vaporized by resistive heating in a boat or crucible made from a refractory metal 
such as Mo, W and Ta (Adachi and Masui, 2001). 
In the particle synthesis, metal atoms produced by heating collide with inert gas 
atoms to decrease the diffusion rate of the atoms from the source region. The collisions 
also cool the atoms to induce the formation of small clusters of fairly homogeneous size. 
The cluster grows mainly by cluster-cluster condensation to give nano particles with a 
broader size distribution. A convective flow of inert gas carries the nano particles to the 
cold surface where they deposit (Adachi and Masui, 2001).  
CHAPTER 3. EXPERIMENTAL EQUIPMENT, MATERIALS, AND 
PROCEDURES 
 
This chapter describes experimental equipment, procedures, and materials used in 
this study. A fixed bed reactor system was designed and constructed for sulfidation tests. 
Materials characterization consisted of sorbent reduction, X-ray diffraction analysis, and 
BET surface area measurement. Both commercially available sorbents as well as sorbents 
prepared in this laboratory were tested.  
3-1. Equipment 
3-1-1. Sufidation Tests 
3-1-1-1. The Fixed Bed Reactor System 
Sulfidation tests using cerium-based sorbents were carried out in the fixed bed 
reactor system shown in Fig 3-1. In the initial portions of the study, feed gas was 
prepared by mixing pure gases provided from high-pressure cylinders, including H2S and 
CO2. However, as the research progressed, mixtures of H2S (5%) in N2 and CO2 (2.91%) 
in N2 were used because of flow limitations of the mass flow controllers for pure H2S and 
CO2.  
Flow rates of all gases were controlled by mass flow controllers (MFCs). H2S-free 
gases entered near the bottom of the quartz reactor and were preheated as they flowed 
upward in the annular area surrounding the reactor insert. H2S entered at the top of the 
quartz reactor and mixed with the other gases just above the sorbent bed. The mixture 
containing all the gases then flowed downward through the sorbent bed. Product gases 
exited from the bottom of the quartz reactor and flowed to the gas chromatograph (GC) 
for analysis. A pulse flame photometric detector (PFPD) was used to detect low 
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concentrations (0 ~ 6 ppmv) of H2S and a thermal conductivity detector (TCD) was used 
















F - Filter 
D - Dryer 
BV2 - Ball valve (2 way) 
BV3 - Ball valve (3 way) 
CV - Check valve 



























Figure 3-1. Schematic of Fixed-Bed Reactor System 
A single-zone split-tube vertical furnace (Series 3210) equipped with a 
temperature controller (Model 2010) made by Applied Test System, Inc. was used to 
control the reactor temperature. All parts of the system that contact H2S, except for the 
H2S feed line, were constructed of quartz, teflon, or silco-steel to prevent low H2S 
concentrations from contacting the stainless steel surfaces.  
 38
Pure gases were provided by Matheson Gas Products, Inc. and The BOC Group, 
Inc., and diluted gases (H2S in N2 and CO2 in N2) by Standard Plus Gas Analytical 
Service with specifications listed in Table 3-1. Check valves (CV) and dryers to remove 
traces of H2O were installed upstream of the MFCs for all gases except H2S. Neither a 
dryer nor a CV was used for H2S because of the time delay associated with the low H2S 
flow rate (2 ~ 5 ml/min) and possible adsorption of H2S on the drying sorbent.  
Table 3-1. The Specifications of Pure Gases 
Gases Grade/ID Provider Purity/content Regulator Max. Delivery Pressure (psig) 
N2 5.0 BOC 99.998% CGA 580 2,000 
H2S UN1053 Matheson 99.5% CGA 330 267 @ 20°C 
H2 5.0 BOC 99.999% CGA 350 2,000 
Air 5.0 BOC 99.999% CGA 346 2,000 
He 5.0 BOC 99.999% CGA 580 2,000 
CO2 5.0 BOC 99.999% CGA 320 900 @ 20°C 
H2S in N2  Standard Plus 5.00% CGA 330 1000 
CO2 in N2  Standard Plus 2.91% CGA 320 2000 
   
The gas feed flowed either through the quartz reactor or directly into the GC by 
adjusting two-way and three-way ball valves so that both product and feed gas 
composition could be determined 
The MFCs, from Porter Instrument Co., Inc., had a specified accuracy of ±1% of 
full scale. Ranges and calibration results of the MFCs are listed in Table 3-2. A factory 
calibrated range and accuracy was based on the molecular weight of the gas used.  
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Table 3-2. Ranges and Manufacturer’s Calibration Results for MFCs 
Calibration result, sccm 
Gas line Model Range (sccm) 25% 50% 75% 
N2 201-AFASVCAA 0 ~ 1,000 251.67 504.9 742.74 
N2 201-AFASVCAA 0 ~ 100 251.67 504.9 742.74 
H2S 201-AFASKBAA 0 ~ 10 2.43 5.07 7.48 
H2S in N2 201-AFASKBAA 0 ~ 10 3.25 6.51 9.77 
CO2 201-AFASVCAA 0 ~ 50 12.73 25.19 37.17 
CO2 in N2 201-AFASVCAA 0 ~ 50 16.7 33.5 49.2 
H2 201-AFASBC AA 0 ~ 320 78.89 161.39 239.5 
H2 201-AFASBC AA 0 ~ 50 12.82 25.24 36.92 
 
The dimensions of the fixed-bed reactor are shown in Figure 3-2. The quartz 
reactor was constructed in three parts. The upper part was associated with H2S 
introduction. The middle part contained the sorbent, which was supported on a quartz 
disk that rested on three dimples inside the reactor. A thin layer of quartz wool was 
placed at both the top and bottom of the sorbent bed. The bottom part provided for the 
transfer of product gas to the GC. All three parts were connected with quartz ball joints  
3-1-1-2. Gas Analysis  
Product or feed gas was analyzed using a Varian gas chromatograph (GC), Model 
3800, containing a pulsed flame photometric detector (PFPD) and thermal conductivity 
detector (TCD). The PFPD was used for H2S concentrations from sub ppmv to 6 ppmv 
and the TCD for concentrations in excess of 100 ppmv. While there was an analytical gap 
between 6 and 100 ppmv, primary interest was in the less than 6 ppmv H2S concentration 
range. The minimum detection limit of the PFPD is 0.5 ppmv H2S. 
 The GC was equipped with dual columns, CP SIL 5 for the PFPD and HAYESEP 




        Dimension unit: inch 
  
Figure 3-2. Details of Quartz Reactor 
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Table 3-3.  Gas Chromatograph Operating Conditions 
Column CP SIL5, 30m×0.53mm, T = 100oC 




(T = 200oC) 
Sample Loop SilcoSteel, 50 µL 
Column: HAYESEP A SilcoSteel 
L = 3.3, D = 1.58mm, T = 100oC 
Carrier Gas He, 28 ml/min 




(T = 200oC) 
Sample Loop SilcoSteel, 2 ml 
 
 The GC was equipped with 10-port and 6-port automatic sample valves whose 
operations are shown in Figures 3-3, 3-4, and 3-5. In Figure 3-3, position 1, the sample to 
be analyzed entered the 10-port valve at port 4, exited at port 5 to fill the PFPD sample 
loop, re-entered at port 8, exited at port 9 to fill the TCD sample loop, then entered again 
at port 2 and exited at port 3 and to the lab vent. The carrier gas 1 entered the 10-port 
valve at port 7 and exited at port 6 to flow through the PFPD column. The carrier gas 2 
entered the 10-port valve at port 10, exited at port 1, and entered the 6-port valve at port 2, 
exited at port 1, flowed through the TCD column, re-entered at port 3, exited at port 4 and 
flowed to the TCD. The carrier gas 3 entered the 6-port valve at port 5, exited at port 6 
and flowed to vent. In this position, the sample loops were continuously flushed with 
reactor product. 
In Figure 3-4, the second position delivered sample captured in the loops to the 
columns and detectors. The carrier gas 1 entered the 10-port valve at port 7, and exited at 
port 8 to displace the PFPD sample. The carrier gas plus sample re-entered at port 5 and 
exited at port 6, then flowed to the PFPD column and the PFPD. At the same time, carrier 
gas 2 entered the 10-port valve at port 10 and exited at port 9, where it picked up reactor 



























































































































there it entered to the 6-port valve at port 2 and exited at port 1, and flowed through the 
TCD column. It re-entered the 6-port valve at port 3 and exited at port 4 to the TCD. The 
flow of carrier gas 3 remained the same as the first position. The sample gas entered the 
10-port valve at port 4, exited at port 3 and flowed directly to the lab vent.  
In Figure 3-5, the third position back flushed water from the TCD column. The 
10-port valve remained in the second position. The carrier gas 2 from port 1 of the 10-
port valve entered the 6-port valve at port 2, exited at port 3 and flowed backward 
through the TCD column, re-entered at port 1, exited at port 6 and flowed to the lab vent 
while carrying any H2O that may have been retained on the TCD column. Meanwhile, 
carrier gas 3 flowed directly to the TCD to prevent possible damage caused by absence of 
carrier gas.  
The actual run started with position 1 at 0.0 min and position 2 was reached at 
0.001 min. With our GC conditions, the H2S retention time for the PFPD was 2.3 min and 
H2S retention time for the TCD was 3.2 min. Since the H2S retention time for the TCD is 
less than the H2O retention time, at least 3.2 min are required to displace H2O retained in 
the TCD column. Therefore, the system shifted to position 3 at 3.75 min and the cycle 
was complete at 7.0 min. 
The gas feed could also flow through a permeation tube (see Figure 3-1) for GC 
calibration by manipulating a combination of valves. A detailed diagram of the 
permeation tube is shown in Figure 3-6. PFPD calibration was carried out by flowing N2 
at several known rates through a U-tube holder containing a VICI metronics H2S 
permeation tube. A permeation tube, which releases H2S at 196 ng/min at 30oC, was used. 
Table 3-4 shows the concentrations of H2S according to N2 flow rate. Only low H2S 
 46
concentrations (0.1 ~ 6ppm) for PFPD calibration were prepared using the permeation 
tube. H2S concentrations larger than 100 ppmv for TCD calibration were prepared by 
mixing H2S and N2 from the cylinders using the MFCs.  
The U-tube consists of two sections, with the first part filled with glass beads to 
promote stable temperature distribution, while the other part holds the permeation tube. 
The U-tube holder was placed in a constant temperature bath, made by Fisher Scientific 










Figure 3-6. Permeation Tube System. 
Table 3-4. H2S Concentration Prepared by The Permeation Tube 
N2 flow rate, ml/min H2S concentration, ppm Temperature, oC 
800 0.176 30 
400 0.351 30 
200 0.703 30 
100 1.40 30 
50 2.81 30 
25 5.62 30 
 
The PFPD was calibrated in the range of 0.1 to 6 ppmv H2S by varying the N2 
flow rate over the permeation tube. A PFPD calibration curve between 0.1 and 6 ppmv is 
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shown in Figure 3-7. The best calibration was obtained by correlating peak height versus 
H2S concentration using a second order polynomial with a nonzero intercept. The R2 
value of the correlation was 0.9999.  
The TCD calibration was carried out by mixing pure H2S and N2 in various ratios. 
A TCD calibration curve between 100 ppmv and 5000 ppmv is shown in Figure 3-8. The 
third order polynomial with zero intercept was based on H2S peak area and the R2 value 
was 0.9995. 
 The calibration results for both the TCD and the PFPD were checked with a 
random concentration of H2S once a month. Loss of calibration may be caused by a 
number of reasons such as blocked sample loops for the TCD and the PFPD, polluted 
columns, a broken column end, or a dirty combustor chamber of the PFPD. Therefore, 
periodic maintenances for the GC and calibration checks were needed. Also, when any 
serious detection error occurred, new calibrations were required. 






















Figure 3-7. PFPD Calibration Curve (0 ~ 6 ppmv H2S) 
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Fig. 3-8. TCD Calibration Curve (100 ~ 5000 ppmv H2S) 
3-1-2. Sorbent Characterization 
3-1-2-1. Thermogravimetric Analyzer (TGA) 
 Partial reduction of cerium-based sorbents is very important in desulfurization. In 
chapter 2, it was postulated that greater levels of reduction would result in lower product 
H2S concentrations. A thermogravimetric analyzer was used to measure the degree of 
reduction. The TGA measures sorbent weight loss caused by the loss of lattice oxygen in 
a reducing atmosphere.  
 A Cahn Instruments Inc. Model 2000 TGA was used to study the sorbent 
reduction. The TGA system, shown in Figure 3-9, included a Cahn 2000 electrobalance, a 
MicRIcon temperature programmer/controller, a nichrome resistance furnace, and a gas 
flow system. Experimental temperature, time, and solid weight were collected using a 
Labtech Notebook V 12 real-time data acquisition system and stored on a lab PC.  
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Figure 3-9. Themogravimetric Analyzer (TGA) System 
 The system has a temperature range to 1000oC, a maximum capacity of 1.0 gram, 
a sensitivity of 0.2µg and an accuracy of ±0.1 percent. The balance operates on a null-
balance principal using a high sensitive transducer coupled to a taut-band suspension 
system to detect minute changes in the mass of a sample. An optically actuated servoloop 
maintains the balance arm in the horizontal reference (null) position by regulating the 
amount of current flowing through the transducer coil. An infrared light emitting diode 
and a pair of photosensitive diodes detect movement of the beam. A flag at the top of the 
balance arm controls the amount of light reaching each photo sensor. As sample weight is 
lost or gained, the beam becomes unbalanced, causing the light to strike the photodiodes 
unequally. The unbalance signal is fed into the control program. An exact amount of 
current is supplied to the meter to make the balance rotate back to its null position. The 
amount of current required is directly proportional to the change in the weight of the 
sample.  
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The temperature programmer/controller controls the temperature at a specified 
isothermal value or according to a linear rate of temperature increase or decrease with 
time.  
CO2 was used as an oxidizing agent and H2 as a reducing agent and the quantities 
of these two gases were varied to simulate the desired reducing power of the mixed gas. 
He was used as the carrier gas to reduce the aerodynamic noise and permit increased 
sensitivity in the electrobalance.  
The flow rate of He into the electrobalance chamber, was monitored using a 
calibrated rotameter and needle valve. However, the rest of the gases flowing into the 
system were monitored and regulated by MFCs. A portion of the He flowed through the 
electrobalance chamber to keep the chamber filled with inert gas all the time to prevent 
possible electrobalance damage from reactive gas components. The remaining He was 
mixed with CO2 and H2 and fed to the hang down tube to react with the sorbent.   
About 80 mg of sorbent was heated from room temperature to 800oC at 10oC/min 
in pure He to remove all the volatile material, then cooled to 200oC at 10oC/min in He 
before beginning the reduction test. Sorbent reduction was monitored by recording the 
weight of the sample as it was heated from 200oC to 1000oC in a reducing atmosphere. A 
limited number of multicycle reduction/oxidation tests were made. The procedure used 
and the results are presented in Chapter 4.  
3-1-2-2. BET Surface Area 
 An Omnisorp model 360 (Omicron Technology, Inc.) was used to measure BET 
surface areas of sorbents. About 0.5g of sample was used for the measurement. The 
sample was placed in the sample cell and oven-dried under vacuum at 250oC overnight. 
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The sample was then transferred to the BET section for surface area measurement using 
N2 adsorption. The system was PC controlled and pressure data were collected and stored 
in the PC. Data were analyzed using  custom software supplied by Omicron Technology.   
3-1-2-3. X-ray Diffraction  
Powder X-ray data were collected with a Rigaku MiniFlex X-ray Diffractometer 
using CuKα radiation (λ=1.548 Å). Samples were placed in glass sample holders. Powder 
data were collected over a 2 hr period from 2Θ = 20 ~ 90o with a 0.02o step size. Signals 
were fitted with Voigt functions and data were collected from the 9 main reflections of an 
fcc structured material corresponding to {111}, {200}, {220}, {311}, {222}, {400}, 
{331}, {420}, and {422} diffraction planes.  
3-2. Materials 
3-2-1. Commercially Available Sorbents 
In the early stage of this research, pure CeO2 provided by Rhône Poulenc, Inc. 
and Alfa Aesar, and Ce-Zr-O from NexTech Materials, Ltd. were tested as sorbents. 
Little information on Rhône Poulenc CeO2 was provided by the manufacturers.  However, 
according to Zeng (1999), the CeO2 contains 9% volatile species that are driven off when 
heated in an inert gas. Ce2(CO3)3·xH2O from Alfa Aesar also was tested in early stages of 
the study. Upon calcination, the Ce2(CO3)3·xH2O should decompose to CeO2. This 
compound was expected to be a good sorbent precursor because of the possibility that the 
calcined material would have an extremely large surface area and therefore be extremely 
reactive. However, the high surface area did not develop and it was soon disregarded in 
sulfidation tests. BET surface area results of this compound are shown in the next chapter. 
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Three samples of Ce-Zr-O sorbent were provided by NexTech Materials having 
mole ratios of Ce to Zr of 85:15, 80: 20 and 70: 30. Table 3-5 shows BET surface area 
data supplied by Nextech for Ce:Zr = 80:20 as a function of temperature. This material 
was a nanoscale powder and had been sieved through 200 mesh (75µm) screens. No 
similar data were available for the other NexTech materials. 
Table 3-5. BET Surface Area of Ce0.8Zr0.2O2 (NexTech) 










Because of their extremely small particle sizes, the sorbents from NexTech and 
Rhône-Poulenc caused excessive pressure drop through the sorbent bed when used in as-
received form. The following pretreatment procedure was adopted to control pressure 
drop: 
 CeO2 or CexZr1-xO2 powder was pressed into tablets using a hydraulic press at 
10,000 psi; 
 The tablets were then crushed and sieved with the 150 ~ 300 µm sizes used in the 
reaction tests. 
The sorbent was then mixed with Al2O3. The Al2O3 (12 ~ 32 Mesh, EM science) was 




In addition, CeO2 and Ce-Zr-O (Ce:Zr = 50:50) were purchased from Alfa Aesar. 
The pure CeO2 from Alfa Aesar was first pelletized, crushed, and sieved as described 
above. However, it was not possible to form tablets from the Ce-Zr-O (Ce:Zr = 50:50) 
using the above procedure and this material was not tested. 
3-2-2. Sorbents Prepared in This Laboratory.  
 The commercial Ce-Zr-O materials from NexTech were only available in small 
quantities (about 100g). In order to evaluate the effect of Zr addition, larger amounts of 
material having similar physical and chemical characteristics were needed. Therefore, 
most of the sorbents tested were prepared in the laboratory as part of this study. 
 A precipitation and coprecipitation method was chosen because it produces 
nanosize powders usually with improved chemical homogeneity. Compared to other 
possible methods, coprecipitation is relatively easy and can be done without special 
equipment. The coprecipition method used in this study is described in the following. 
1. Ce(NO3)3⋅6H2O (Aldrich Chemical Company, Inc., 99% purity, F.W.=434.23) 
and Zr(NO3)2⋅xH2O (Aldrich Chemical Company, Inc., 99% purity, F.W.=231.23) 
were used as precursors.  
2. Desired quantities of Ce(NO3)3⋅6H2O and Zr(NO3)2⋅xH2O were dissolved 
separately in distilled water in 200 ml beakers by stirring with a magnetic bar on a 
laboratory stirrer/hot plate (Corning Inc., Model PC-420) without heating. The 
amount of distilled water does not have to be fixed. Ce(NO3)3⋅6H2O was readily 




3. The dissolved Ce(NO3)3⋅6H2O and Zr(NO3)2⋅xH2O solutions were mixed together 
in a larger beaker (500ml vol.) and stirred for a half hour. 
4. The magnetic bar was removed from the beaker and NH4OH (Fisher Scientific, 
80% aq. solution) was added dropwise to the mixed solution using a titration 
pipette until no more precipitation occurred. During this time, the mixture was 
stirred slowly with a stirring rod. 
5. The precipitate was filtered (Whatman, #4, filter paper), and the filter cake was 
washed with distilled water after removing filter paper and refiltered.  
6. The filter cake was dried overnight at 250oC. 
7. The dried product was then calcined at 450oC for 2 hours. 
8. The calcined particles having diameters of 0.5 ~ 5mm were crushed and sieved 
with the 150 ~ 300 µm sizes used in reaction tests. 
3-2-3. Test Nomenclature 
 The following nomenclature was developed to identify the sorbent composition, 
source, and sulfidation run number: 
  AA(BB)yy-xx 
 AA represents sorbent composition with  
  AA = Ce   Ceria sorbent 
  AA = CZ  Ceria-zirconia sorbent 
  AA = CeC   Ceria sorbent precursor (Cerium carbonate) 
 BB identifies the sorbent source with 
  BB = LSU  Sorbent prepared in this study 
  BB = RP  Rhône Poulenc  
 55
  BB = Nex  NexTech  
  BB = Alfa  Alfa Aesar 
The yy is used only with ceria-zirconia sorbents and represents the molar percent 
of ceria. Finally, the xx represents the sulfidation run number for the particular sorbent. 
For example, CZ(LSU)80-02 was the second run with the ceria-zirconia sorbent 
prepared at LSU composed of 80%CeO2 and 20%ZrO2.  
3-3. Suflidation Test Procedure 
Two standard sorbent charges were used, depending on the gas flow rate. When a 
large feed rate of 400ml/min (25oC, 1atm) was used, the charge was a mixture of sorbent 
and Al2O3 in a 2:1 ratio by weight. 6.000 ± 0.01 g of 150 ~ 300µm particles of sorbent 
and 3.00g ± 0.01 g of 150 ~ 300µm particles of Al2O3 were weighed and mixed 
physically. When a small feed rate of 80ml/min (25oC, 1atm) was used, 2.00 ± 0.01 g of 
sorbent and 4.00 ± 0.01 g of Al2O3 were mixed. After placing the quartz disk and quartz 
wool inside the quartz insert, the sorbent/Al2O3 mixture was added with gently shaking to 
insure that there were no voids present and that the sorbent and Al2O3 were well mixed. 
The volume of the sorbent-Al2O3 bed normally shrank about 10% after heating to 800oC 
 Before sulfidation, the reactor containing the sorbent/Al2O3 mixture was heated to 
400oC under flowing N2. After all the volatile materials were removed, the reactor was 
heated to the reaction temperature. During this time all feed gases flowed directly to vent 
except N2. Proper flow rates were set by the MFCs. To initiate the sulfidation reaction, 
the following actions were taken simultaneously: 
• Start GC data acquisition; 
• Manipulate all the valves so that the feed gas mixture flowed to the reactor; 
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Non-reacting tracer tests were performed at conditions corresponding to 
sulfidation tests. The bed packing was 150 ~ 300 µm Al2O3 having the same volume as 
the sorbent/Al2O3 mixture. 
The reactor was carefully cleaned after each sulfidation test to prevent any sulfur 
residue present in the reactor or GC feed line from interfering with the next sulfidation 
test. Since this research was primarily interested in H2S concentrations less than 1ppmv, 
even a very small amount of residual H2S will ruin the next sulfidation test.  
After a sulfidation test, the reactor was cooled under a flow of H2 and N2. The 
used sorbent was removed, the reactor components were flushed using compressed air 
and the reactor was reinstalled inside the furnace. Last traces of sulfur were removed by 
heating the system in flowing air at 750oC for at least 5 hours. 
CHAPTER 4. SORBENT CHARACTERIZATION RESULTS 
 The primary objective of this research project was to study the desulfurization 
performance of a sorbent composed of a solid solution of ZrO2 in CeO2. As described in 
previous chapters, ZrO2 addition to the CeO2 lattice promotes oxygen mobility and 
improved reduction properties. Improved reduction could lead to decreased H2S 
concentration in the product gas of sulfidation tests. In this sense, sorbent reduction tests 
were needed prior to sulfidation tests. The reduction tests were performed to evaluate the 
effect of gas composition and temperature. The feed composition was varied on the basis 
of oxygen equilibrium pressures.  
In addition, X-ray diffraction analysis and BET surface area measurements were 
also made. The X-ray diffraction tests were performed to confirm the formation of a solid 
solution rather than separate CeO2 and ZrO2 phases. Formation of a separate ZrO2 phase 
is thought to be undesirable for a desulfurization sorbent. The sorbent crystal size was 
also evaluated using X-ray diffraction patterns (peak height and broadening). In principle, 
smaller crystal sizes should result in better diffusion properties and reactivity.  
 The BET surface area can be related to X-ray diffraction analysis and reduction 
tests in terms of desulfurization performance of the sorbent. That is, smaller crystal size 
usually indicates larger surface area. In addition, larger surface area usually indicates 
better reactivity. Therefore, the best desulfurization a sorbent should exhibit a high level 





4-1. Reduction Test Results 
4-1-1. Pretreatment  
 Before carrying out the reduction tests, it was necessary to remove all volatile 
material from the samples. As described in Chapter 3, the TGA was programmed for a 
temperature increase from 20oC to 800oC at 10oC/min in a He atmosphere, and then 
cooled to 200oC. Figure 4-1 shows weight loss during pretreatment of Ce(LSU). The 
sample started to lose weight immediately after temperature began to increase (arrow 1). 
The rate of weight loss increased around 350oC and approached zero around 500oC 
(arrow 2). Cooling to 200oC in He did not affect the weight (arrow 3). Table 4-1 shows 
percentage weight loss following the pretreatment for nine tested materials.  
 
 Figure 4-1. Weight Loss During Pretreatment for Reduction Test 
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Table 4-1. Weight Loss During Pretreatment in Reduction Tests 
Sorbent Weight loss (%) Sorbent Weight loss (%) 
Ce(RP) 9.0 CeC(Alfa) 22.9 
CZ(Nex)85 6.0 Ce(LSU) 5.2 
CZ(Nex)80 5.3 CZ(LSU)90 9.8 
CZ(Nex)70 5.0 CZ(LSU)80 4.9 
Ce(Alfa) 5.5   
 
4-1-2. Reduction Tests 
The ability to reduce CeO2 to CeOn (1.5 < n < 2.0) or Ce1-αZrαO2 (0 < α < 0.5) to 
Ce1-αZrαOn (0 < α < 0.5, 1.5 < n < 2.0) has been studied using the electrobalance reactor 
described in Chapter 3. That description also included the time-temperature-gas 
composition sequence used. Selected sorbents have been tested using three different 
reducing gas compositions: 
Gas 1  10% H2, 0.0% CO2, balance He 
Gas 2  10% H2, 3.5% CO2, balance He 
Gas 3  50% H2, 3.5% CO2, balance He 
The equilibrium partial pressure of oxygen provides a measure of the reducing power of 
the gas. Gas 1 is oxygen free except for trace impurities present in the H2 and He, and 
has, in principle, the greatest reducing power. The presence of CO2 in the other gases 
provides small quantities of free oxygen at elevated temperatures and the ratio of H2 to 
CO2 affects the amount of free oxygen and the reducing power.  
Results of equilibrium oxygen partial pressure calculations for Gases 2 and 3 as a 
function of temperature, performed using HSC Chemistry with the assumption that the 
activity coefficients of all species were one and all solids formed separate phases, are 
shown in Figure 4-2. The equilibrium oxygen pressure ranges from about 10-32 bar at 
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400oC for Gas 3 to 10-11 bar at 1000oC for Gas 2, with the equilibrium oxygen pressure 
being 1 to 2 orders of magnitude lower in Gas 3 at all temperatures. At 700oC, the most 
common experimental desulfurization temperature in this research, the equilibrium 
oxygen pressures are about 10-20 and 10-19 atm for Gases 3 and 2, respectively. As 
described in Chapter 2, the general reduction mechanism is: 
Ce1-αZrαO2 + (2-n)H2  Ce1-αZrαOn + (2-n)H2O + (2-n)Vo 
where Vo represents an oxygen vacancy in the lattice and α is molar ratio of ZrO2 to 
CeO2 in the solid solution of ZrO2 in CeO2. When α is zero, the above equation becomes 
the reduction equation for pure CeO2. The equation assumes that Ce1-αZrαO2 is reduced to 
Ce1-αZrαOn rather than CeOn-ZrO2.  
 The calculation method of the value of n, which is the degree of reduction, can 
be explained using the following example based on CZ(LSU)80 with a 2 mg weight loss 
in the TGA reduction test.  
Ce0.8 Zr0.2O2 prepared at LSU: CZ(LSU)80 
Sorbent charge in TGA: 80mg 
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Figure 4-2. Equilibrium Oxygen Pressure in Reducing Gases 2 and 3 
 Reduction results in the three reducing gases using Ce(RP) are compared in 
Figure 4-3 where the value of n in CeOn is plotted as a function of temperature. The 
electrobalance response curves appear somewhat variable because of the extremely small 
weight losses associated with reduction. For example, reduction of the CeO2 to CeO1.95 
represents as weight loss of less than 0.5%. In Gas 1, which is the most highly reducing, 
reduction began at about 650oC and the value of n at the final 1000oC temperature was 
1.81. In Gas 3 having intermediate reducing power, reduction began near 700oC and the 
final value of n was 1.85. In the least reducing Gas 2, reduction also began at about 
700oC and the final value of n was 1.88. The difference in the level of reduction in Gases 
2 and 3 first became appreciable at about 750oC. These values of n are in reasonable 
agreement with experimental values published by Bevan and Kordis (1964) (see Chapter 
2) based on the oxygen pressures of Figure 4-2.  
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Figure 4-3. Reduction of Ce(RP) (Rhône Poulenc CeO2) 
Figures 4-4 and 4-5 compare the reducibility of the Ce(RP) sorbent with the 
CZ(Nex)80 sorbent. Figure 4-4 is based on results using Gas1 while Figure 4-5 presents 
data using Gas 2. In both cases reduction of the CZ(Nex)80 began in the range of 380 to 
400oC, compared to an initial reduction temperature range of 650 to 700oC for Ce(RP). 
The final values of n for CZ(Nex)80 were 1.75 and 1.82 in Gases 1 and 2, respectively, 
compared to 1.81 and 1.88 for Ce(RP) in the same atmospheres. Therefore, it is clear that 
ZrO2 addition to CeO2 causes reduction to begin at a lower temperature and results in 
greater extent of reduction at the same temperature compared to pure CeO2. However, 
Ce(RP) and CZ(Nex) were produced by different manufacturers using different 
preparation methods. Therefore, it may not be appropriate to compare those sorbents 









Figure 4-5. Comparison of Reducibility of Ce(RP) and CZ(Nex)80 in Gas 2. 
 
The reduction properties of sorbents of Ce(LSU) and CZ(LSU), prepared at LSU 
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using the same preparation conditions as described in Chapter 3, were tested using the 
three different gas compositions. Figure 4-6 shows results of reduction tests using Gas 3, 
which has intermediate reducing strength. It is clear that CZ(LSU)90 and CZ(LSU)80 are 
more easily reduced than Ce(LSU). Ce(LSU) began to reduce at about 740oC and the 
final n value was 1.85 at 1000oC. CZ(LSU)90 and CZ(LSU)80 showed very similar 
reduction profiles. Reduction started at about 420oC, and the final value of n was about 
1.78 for both materials.  
 
Figure 4-6. Comparison of Reducibility of Ce(LSU), CZ(LSU)90 and CZ(LSU)80 in Gas 3. 
The reduction of the sorbents prepared at LSU using Gas 1 and Gas 2 showed similar 
results. That is, CZ(LSU)90 and CZ(LSU)80 also showed lower initial reduction 
temperature and greater extent of reduction using Gas 1 and 2 than Ce(LSU). 
The results shown in Figures 4-3 through 4-6 are typical of all reduction results, 
which are summarized in Table 4-2. The temperatures corresponding to values of n = 
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Table 4-2. Summary of Reduction Results for Nine Test Sorbents 
Temperature, oC, 
Corresponding to Indicated 
Value of n 
 Value of n  Samples 
1.98 1.86 1.80 700oC 1000oC 
Gas 1 
Ce(RP) 660 840 --- 1.97 1.81 
Ce(Alfa) 670 850 1000 1.97 1.80 
CeC(Alfa) 700 880 --- 1.98 1.82 
CZ(Nex)85 280 720 840 1.87 1.74 
CZ(Nex)80 380 720 820 1.87 1.75 
CZ(Nex)70 330 600 740 1.81 1.74 
Ce(LSU) 630 880 1000 1.97 1.82 
CZ(LSU)90 590 850 --- 1.95 1.81 
CZ(LSU)80 500 800 --- 1.94 1.82 
Gas 2 
Ce(RP) 730 --- --- 2.00 1.88 
Ce(Alfa) 830 --- --- 2.00 1.91 
CeC(Alfa) 860 --- --- 2.00 1.91 
CZ(Nex)85 350 860 --- 1.91 1.82 
CZ(Nex)80 430 850 --- 1.91 1.81 
CZ(Nex)70 330 670 850 1.85 1.77 
Ce(LSU) 760 --- --- 1.99 1.90 
CZ(LSU)90 580 960 --- 1.95 1.85 
CZ(LSU)80 410 950 --- 1.95 1.85 
Gas 3 
Ce(RP) 730 930 --- 1.99 1.85 
Ce(Alfa) 770 950 --- 1.99 1.85 
CeC(Alfa) 765 --- --- 2.00 1.87 
CZ(Nex)85 320 760 890 1.89 1.77 
CZ(Nex)80 280 770 880 1.89 1.77 
CZ(Nex)70 330 680 860 1.85 1.76 
Ce(LSU) 740 940 --- 1.99 1.85 
CZ(LSU)90 440 810 890 1.92 1.78 
CZ(LSU)80 410 800 900 1.91 1.77 
---- : the value is out of temperature range 
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1.98, 1.86, and 1.80 as well as the value of n at the temperatures of 700oC and 1000oC are 
presented for nine test materials using the three reducing gases. Roughly speaking, the 
temperature corresponding to n = 1.98 represents the beginning of reduction for each 
sorbent, while the temperature at n = 1.86 is at an intermediate condition of reduction for 
CZ sorbents and near the end of reduction of Ce sorbents. Finally, the temperature at n = 
1.80 is near the end of reduction for most of the CeO2-ZrO2 materials.  
Table 4-2 shows that Ce sorbents had almost same final degrees of reduction and 
were more difficult to reduce than CZ sorbents from NexTech and LSU in all gas 
compositions. Reduction initiation temperatures for Ce sorbents ranged from 630oC to 
700oC for Gas 1, 730oC to 860oC for Gas 2, and 730oC to 770oC for Gas3. The 
temperature range for Gas 2 was wider than other gases since CeC(Alfa) showed 
extremely poor reducibility in Gas 2. Intermediate reduction temperatures fell into 
narrower ranges than initial reduction. Reduction of the NexTech CZ materials began at 
about 300oC and final values of n < 1.77 were achieved for all three NexTech sorbents in 
the most strongly reducing gas, and in all three gases for the material containing 
CZ(Nex)70. The LSU sorbents showed intermediate reducibility. For CZ sorbents 
produced by both LSU and NexTech, the degree of reduction increased when more ZrO2 
was added. In comparing values of n according to temperature, degrees of reduction 
showed longer spreads among sorbents at 700oC than 1000oC. For example, when the 
values of n for Ce(RP) and CZ(Nex)70 are compared, the differences in values of n were 
0.16 at 700oC and 0.07 at 1000oC for Gas 1, 0.15 at 700oC and 0.11 at 1000oC for Gas 2, 
and 0.14 at 700oC and 0.09 at 1000oC for Gas 3. This is consistent with the prior 
literature, which states that ZrO2 addition causes reduction to shift to lower temperature.   
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4-1-3. Reduction/Oxidation Cycles at Different Temperature 
 To identify more detailed reduction behavior, multicycles of reduction and oxidation 
at different temperatures were carried out for sorbents prepared at LSU. These tests were 
limited to two gas compositions, which are G1 (10%H2/90%He) for reduction and G2 
(3.5%CO2/96.5%He) for oxidation. The overall temperature sequences of TGA and gas 
compositions are shown in Table 4-3. As shown in the table, the temperature increased from 
20oC to 800oC in He atmosphere at 10oC/min to remove all volatile materials in the sorbent. 
Then the system was cooled to 200oC in the He atmosphere. After this pretreatment, the feed 
gas was changed to G1 (10%H2/90%N2). The system stayed in 200oC for 30 minutes to 
make sure that there was no weight change in G1 at 200oC. Then, the temperature was 
increased to perform a reduction test in the range 200oC to 1000oC. Until this point, the 
procedure was identical to the reduction test in   Gas 1 that was described previously. After 
the temperature reached 1000oC, the system stayed in G1 at 1000oC for 10 minutes to check 
if any further reduction occurred. Then, G1 was switched to G2 and the sorbent was 
reoxidized for 10 minutes at 1000oC. G2 was then switched to G1 to carry out an isothermal 
reduction at 1000oC for 10 minutes. Next, G1 was switched to G2 and the sorbent was again 
oxidized at 1000oC for 10 minutes. The temperature was the reduced to 900oC at 10oC/min. 
Again, G2 was switched to G1 for 10 minutes isothermal reduction at 900oC in G1. After 
the reduction at 900oC, G1 was switched to G2 for a 10 minutes isothermal oxidation at 
900oC. The system was then cooled to 800oC at 10oC/min in G2. The reduction-oxidation 
and cooling pattern was repeated at 800oC, 700oC, and 600oC before being cooling to 
200oC in the oxidized state. This was followed by another reduction step in which the 
temperature was increased at 10oC min from 200oC to 1000oC.  
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Table 4-3. Temperature Program And Gas Compositions For TGA Tests (Multicycle) 
Temp., oC Time 
Action Step 
Start End Min 
Note 
1 20 800 78 Heating in He, Removing volatile materials 
2 800 800 20 Isothermal in He Drying 
3 800 200 60 Cooling in He 
4 200 200 30 Isothermal in He, Switch to G1 
5 200 1000 80 Heating in G1 First Reduction 200oC to 1000oC 
6 1000 1000 10 Isothermal in G1 
Oxidation at 1000oC 7 1000 1000 10 Switch to G2, Isothermal in G2 
Reduction at 1000oC 8 1000 1000 10 Switch to G1, Isothermal in G1 
Oxidation at 1000oC 9 1000 1000 10 Switch to G2, Isothermal in G2 
Temperature transition 10 1000 900 10 Cooling in G2 
Reduction at 900oC 11 900 900 10 Switch to G1, Isothermal in G1 
Oxidation at 900oC 12 900 900 10 Switch to G2, Isothermal in G2 
Temperature transition 13 900 800 10 Cooling in G2 
Reduction at 800oC 14 800 800 10 Switch to G1, Isothermal in G1 
Oxidation at 800oC 15 800 800 10 Switch to G2, Isothermal in G2 
Temperature transition 16 800 700 10 Cooling in G2 
Reduction at 700oC 17 700 700 10 Switch to G1, Isothermal in G1 
Oxidation at 700oC 18 700 700 10 Switch to G2, Isothermal in G2 
Temperature transition 19 700 600 10 Cooling in G2 
Reduction at 600oC 20 600 600 10 Switch to G1, Isothermal in G1 
Oxidation at 600oC 21 600 600 10 Switch to G2, Isothermal in G2 
Temperature transition 22 600 200 40 Cooling in G2 
23 200 200 10 Switch to G1, Isothermal in G1 
24 200 1000 80 Heating in G1 Second Reduction 200oC to 1000oC 
25 1000 1000 10 Isothermal in G1 
Termination 26 1000 20 15 Termination of program 
G1: 10%H2/90%He, G2: 3.5%CO2/96.5%He 
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 The first full reduction from 200oC to 1000oC (steps 4 to 6 in Table 4-3) is 
compared to the second full reduction from 200oC to 1000oC (steps 23 to 25 in Table 4-3) 
in Figure 4-7 using Ce(LSU). Reduction began around 630oC in the first cycle while it 
began at 750oC in the second cycle. The overall level of reduction also decreased in the 
second cycle. Clearly, the repeated reduction-oxidation at high temperature affected the 
second cycle reduction. During the isothermal period after the temperature reached 
1000oC (steps 7 and 25), further reduction occurred. This indicates that the values of n 
obtained during nonisothermal reduction tests correspond to the extents of reduction at 
the given heating rates rather than to equilibrium reduction at the given temperatures.  
 
Figure 4-7. First and Second Reduction Cycles of Ce(LSU) 
Figures 4-8 and 4-9 show the first and second cycle reductions of CZ(LSU)90 
and CZ(LSU)80, respectively. Unlike Ce(LSU), the first and second reduction cycles 
were almost identical. As described in Chapter 2, it appears that ZrO2 addition to CeO2 
also increased the thermal resistance to solid sintering. Further reductions also occurred 
in the isothermal period at 1000oC.  
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Figure 4-8. First and Second Reduction Cycles of CZ(LSU)90 
 
 
Figure 4-9. The First and Second Cycle of CZ(LSU)80 
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Figures 4-10 and 4-11 show successive reduction/oxidation (steps 8 to 21 in 
Table 4-3) profiles of Ce(LSU) and CZ(LSU)80 respectively. The numbers along the line 
indicate steps in Table 4-3. That is, lines numbered of 10, 13, 16, and 19 indicate 
temperature transition periods, lines numbered of 8, 11, 14, 17, and 20 indicate 
isothermal reductions, and lines numbered of 9, 12, 15, 18, and 21 indicate isothermal 
oxidations. For Ce(LSU), shown in Figure 4-10, the slopes of both the reduction and 
oxidation curves decreased as temperature decreased. In other words, the rates of both the 
reduction and oxidation reactions decreased at lower temperature. At 600oC, reduction 
was barely recognized. Reduction was still going on at a slow rate at the end of every 10 
minutes reduction period. Therefore, once again, final values of n were not equilibrium 
values but values of n corresponding to the specific time, temperature, and morphology. 
However, oxidation was very fast and the weight loss during reduction was recovered 
immediately at all temperatures after G1 was switched to G2. That is, even though H2 
concentration (10%) was higher than the CO2 concentration (3.5%), reduction rates were 
much slower than oxidation rates at all temperatures. The final values of n also increased 
as temperature decreased. As listed in Table 4-2, values of n were 1.81 and 1.97 at 
1000oC and 700oC, respectively. This is consistent with the result of Trovarelli (1996) 
who reported that reduction is the rate-determining reaction during reduction/oxidation 
cycles. 
For CZ(LSU)80 in Figure 4-11, overall reduction and oxidation profiles are similar 
to those of Ce(LSU). However, reduction and oxidation rates did not decrease as much as 
Ce(LSU) as temperature decreased. While reduction of Ce(LSU) was still going on at the 
end of the reductions period at all temperature, reduction of CZ(LSU)80 was clearly finished 
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Figure 4-10. Reduction/Oxidation Profiles of Ce(LSU) 
 
Figure 4-11. Reduction/Oxidation Profiles of CZ(LSU)80 
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at 800oC, 700oC, and 600oC. Reduction and oxidation profiles of CZ(LSU)80 were 
clearly recognized at 600oC while those of Ce(LSU) were barely recognized.  
4-2. X-ray Diffraction Test Results 
X-ray diffraction tests were performed to confirm the formation of a solid 
solution and to evaluate the average crystallite size. The XRD spectra were examined to 
confirm that no peaks characteristic of ZrO2 were present. The XRD spectrum of 
Ce(LSU) is shown in Figure 4-12 (a) and compared to the standard library pattern of 
cubic CeO2 shown in Figure 4-12 (b).  
 
(a) 
Figure 4-12. XRD Analysis of (a) Rhône Poulenc CeO2, (b) cubic CeO2 (JCPDS 34-394) 
The mean crystal size, calculated from the full width at half maximum intensity 
(FWHM) of the (111) reflection was 16.1 nm. FWHM is determined by the XRD analysis 
software. According to the Scherrer equation (Bauer et al., 1978), the size of the crystal, 







L =  
where λ is the characteristic CuKα wave length of 1.54 Å and θ is the angle between the 
incident beam and sample plate in the XRD machine. The raw FWHM value must be 
corrected by subtracting instrumental broadening, which was identified from the X-ray 
diffraction spectrum of single crystalline Si wafer to be 0.0016049 rad. 
Table 4-4 shows the calculated crystal size and lattice parameter, which 
represents crystal unit cell dimension, of CeO2 prepared at LSU. The FHWM value in 
Table 4-4 was corrected for instrumental broadening and the calculated lattice parameter 
of 5.410 Å is almost equal to the standard value for CeO2.  
Table 4-4. Calculated Values From XRD For Ce(RP) 
Peak Number 2 theta d-spacing FWHM h j k Lattice Parameter (Å) Crystal Size(nm) 
1 28.711 3.120 0.540 1 1 1 5.410 (Calculated) 5.412 (Standard: JCPDS 34-394) 16.1 
 
Figure 4-13 (a) shows the X-ray diffraction spectrum of CZ(Nex)85 and Figure 4-13 
(b) the pure ZrO2 (tetragonal) X-ray diffraction spectrum (JCPDS 88-1007). In (a) the dotted 
vertical lines indicate standard peak locations and heights of pure CeO2 (JCPDS 34-394). 
Peaks of CZ(Nex)85 are located a bit to the right of the standard peak locations of pure 
CeO2. According to the Bragg’s law, the distance between layers in the lattice is inversely 
proportional to diffraction angle. In other words, the d-spaces of CZ(Nex)85 are smaller than 
that of pure CeO2. This is associated with solid solution formation when some Ce atoms in 
the lattice are replaced by Zr atoms, whose diameter is smaller than that of Ce. The peaks of 
CZ(Nex)85 are also compared to the peaks of pure tetragonal ZrO2, which is the most 













Figure 4-13. XRD Spectra of (a) CZ(Nex)85, (b) Tetragonal ZrO2 (JCPDS 88-1007) 
 
Figure 4-14. XRD Spectra of  (a) Ce(LSU), (b) CZ(LSU)90, and (c) CZ(LSU)80 
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 Figure 4-14 shows the XRD spectra of Ce(LSU), CZ(LSU)90, and CZ(LSU)80. 
No peaks other than those associated with CeO2 are present. As described above, peaks of 
CZ(LSU)80 are located a bit to the right of those of Ce(LSU), which also indicates solid 
solution formation. However, CZ(LSU)90 did not show appreciable peak shifts from 
peak locations with Ce(LSU).  
Table 4-5 summarizes the crystal sizes of all tested materials. The crystal sizes 
for pure CeO2 range from 2.7 nm for Ce(RP) to 16.1 nm for Ce(LSU) to 25.3 nm for 
Ce(Alfa). All CZ materials have intermediate crystal sizes with CZ(Nex) having smaller 
crystal sizes than CZ(LSU).  Small crystal size generally implies an increased diffusion 
rate. In this sense, XRD results agree with the reduction results. In the pure Ce category, 
Ce(Alfa) was most difficult to reduce and had a larger crystal size than Ce(RP). In the CZ 
category, CZ(LSU)80 was more difficult to reduce and had a larger crystal size than 
CZ(Nex)80. 
Table 4-5. Crystal Sizes Calculated From XRD 
Sorbent Crystal Size (nm) Sorbent Crystal Size (nm) 
Ce(RP) 2.7 Ce(LSU) 16.1 
CZ(Nex)85 8.7 CZ(LSU)90 12.7 
CZ(Nex)80 9.4 CZ(LSU)80 18.8 
Ce(Alfa) 25.3   
 
4-3. BET Surface Area 
 BET surface area measurements were carried out with using as-received 
materials and following various treatments. Table 4-6 shows the surface area results. In 
the as-received condition, Ce(RP) had the largest surface area and Ce(Alfa) the smallest 
 77
surface area. This is consistent with results from the reduction tests and XRD analysis. 
Sorbents having smaller crystal size and larger surface area were reduced to a greater 
extent. When samples were calcined at 700oC, the surface area was always reduced. For 
example, the as-received surface area of Ce(RP) of 210 m2/g was reduced to 110 m2/g. 
Ce(Nex)85 and Ce(Nex)70 also showed reduced surface area after calcination. Ce(Alfa) 
and CeC(Alfa) had as-received surface areas equal to or less than 50 m2/g; the surface 
areas did not change significantly following calcinations at 700oC for 4 hours.  
Table 4-6. BET Surface Area Measurement Results 
Sample Surface Area (m2/g) Treatment 
210 As-received 
Ce(RP) 
110 Granulated and calcined in air at 700oC for 4 hrs 
105 As-received 
110 Granulated CZ(Nex)85 
80 Granulated and calcined in air at 700oC for 4 hrs 
CZ(Nex)80 145 As-received 
125 As-received 
125 Granulated CZ(Nex)70 
70 Granulated and calcined in air at 700oC for 4 hrs 
40 As-received 
45 Granulated Ce(Alfa) 
45 Granulated and calcined in air at 700oC 4 hrs 
50 As-received 
50 Calcined at 480oC for 4hrs CeC(Alfa) 
40 Calcined at 700oC for 4hrs 
75 Granulated and calcined at 400oC in air for 2 hrs 
Ce(LSU) 
35 Granulated and calcined at 700oC in air for 4 hrs 
75 Granulated and calcined at 400oC in air for 2 hrs 
CZ(LSU)90 
50 Granulated and calcined at 700oC in air for 4 hrs 
85 Granulated and calcined at 400oC in air for 2 hrs 
CZ(LSU)80 
55 Granulated and calcined at 700oC in air for 4 hrs 
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For the sorbents prepared at LSU, BET surface area measurements were carried 
out following two treatments - after calcination at 400oC in air for 2 hours and after 
calcination at 700oC in air for 4 hours. Surface areas for LSU sorbents following 
calcination at 400oC were in the range of 75 m2/g to 85 m2/g, smaller than the as-received 
values of Ce(RP) and CZ(Nex) but larger than as-received values for Ce(Alfa) and 
CeC(Alfa). Also the surface areas of LSU materials fell into a narrower range because 
they were prepared using effectively identical conditions. 
After calcination at 700oC for 4 hours, the surface area of Ce(LSU) reduced from 
75 m2/g to 35 m2/g while the surface areas of CZ(LSU)90 and CZ(LSU)80 reduced to    
50 m2/g and 55 m2/g, respectively. Once again, ZrO2 addition was shown to improve 
resistance against thermal sintering.   
4-4. Conclusion 
 Reduction tests showed that the level of reduction for CZ solid solutions was 
greater than pure CeO2. CZ sorbents from NexTech showed a greater level of reduction 
than those prepared at LSU. For LSU sorbents, CZ(LSU)90 and CZ(LSU)80 showed 
similar reduction behavior and greater reduction ability than Ce(LSU). 
 X-ray diffraction analysis clearly showed that all CZ sorbents formed solid 
solutions. No ZrO2 peaks were present in the XRD spectra. Crystal size calculations 
showed CZ(NexTech) sorbents have smaller crystal size than CZ(LSU) sorbents. These 
results match the reduction test results.  
BET surface area measurement also showed that CZ(Nex) has higher surface 
area values than CZ(LSU). Ce(RP) had the largest surface area. However, its surface area 
was reduced severely after calcination at 700oC for 4 hours. LSU sorbents calcined at 
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400oC in air for 2 hours showed similar surface areas. After calcinations at 700oC for 4 
hours, the surface areas of LSU materials were reduced but not as much as Ce(RP). 
CZ(LSU) sorbents showed less reduction in surface area than Ce(LSU). 
CHAPTER 5. SULFIDATION TEST RESULTS USING COMMERCIAL 
SORBENTS 
 
 As described in Chapter 2, according to the Ce-O-S phase diagram prepared by 
Meng and Kay (1986), reduced oxide, CeOn with 1.5 < n < 2.0, has a greater tendency to 
form Ce2O2S than does CeO2 when reacted with H2S at high temperature. The 
experimental results of Meng and Kay (1986) and Zeng (1999) confirmed that less than 
10 ppmv H2S, which is lower than the IGCC target level (20 ppmv H2S), could be 
achieved. These results were obtained using highly reducing feed gas conditions.  
Thermodynamic analysis of ceria-zirconia (CZ) sorbents is not possible because 
no thermodynamic data are available. However, since ZrO2 addition to CeO2 clearly 
enhanced the reducibility of CeO2 (Chapter 4), it is logical to conclude that addition of 
zirconia may increase the desulfurization ability as well. There have been no experiments 
made so far to identify the effect of ZrO2 addition to CeO2 on desulfurization.   
  This chapter describes the results of sulfidation tests with various feed gas 
compositions, temperatures, and flow rates using Ce (CeO2) sorbents and CZ (CeO2-
ZrO2) sorbents obtained commercially. The sulfidation experiments using Ce sorbents 
were carried out to confirm the earlier results obtained by Meng and Kay (1986) and 
Zeng (1999). 
5-1. Insuring a Sulfur-Free Reactor 
 In order to carefully measure low levels of H2S, it is necessary that the reactor 
system be totally free of sulfur prior to the sulfidation test. Zeng (1999) had a problem in 
early sulfidation tests associated with a high prebreakthrough H2S plateau. The cause of 
this plateau was identified as reaction between elemental sulfur deposited downstream of 
the sorbent bed and excess H2 in the sulfidation gas: 
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H2(g) + S(s)  H2S(g) 
Sulfur deposition on the reactor wall occurred during the previous sorbent regeneration test.  
 In this research, regeneration was not carried out, and reactor cleaning was 
relatively easier. In the sulfidation tests, 10% or more of H2 was used in every sulfidation 
test to prevent H2S decomposition with resultant deposition on the inside wall of the 
reactor. Sulfur deposition after a sulfidation test was minimized by cooling the reactor 
with a flow of 50% H2 in N2. The final step in sulfur removal consisted of heating the 
reactor to 750oC under flowing air.  
5-2. Reduction of CeO2 to CeOn 
 The literature review in Chapter 2 showed that in a high temperature, highly 
reducing gas, CeO2 would be reduced to nonstoichiometric CeOn (1.5 < n < 2.0), which 
should have a greater affinity for H2S than exhibited by CeO2. The results of reduction 
tests using a TGA have been described in Chapter 4. CeO2 reduction prior to sulfidation 
was accomplished by exposing the sorbent to the same temperature and feed composition 
(except H2S and CO2) used in the subsequent sulfidation test.  
5-3. Sulfidation of Sorbents 
5-3-1. Non-Reacting Tracer Tests 
 The early sulfidation tests in this study encountered an unexpectedly long delay 
in H2S response. This delayed response was caused by a combination of very low H2S 
flow rate (4ml/min at 1 atm and 25oC) and the large volume of the top section of the 
quartz reactor, which was used to introduce H2S to the fixed bed system. Figure 5-1 
shows early results of non-reacting tracer tests performed at 700oC and room temperature. 
The reactor was filled with 6g of inert Al2O3 to simulate the flow conditions in the 
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presence of the sorbent.  H2S response time at 700oC was, as expected, a bit faster than at 
room temperature. However, it took 50 min to reach about 80% of the feed H2S 
concentration even at 700oC. Compared to the typical total sulfidation reaction time of 
195 minutes using 6g of CeO2 with 0.5%H2S in the feed at a total flow rate of 400ml/min, 
this delay was unacceptable. Therefore, the top section of the quartz reactor was 
redesigned using 1/16 inch ID quartz tubing throughout the path of H2S delivery. This 
drastically reduced the H2S response time as shown in Figure 5-2. Both the new and old 
top parts of the reactor were tested at 700oC. The H2S concentration in the product gas 
reached 90% of H2S feed concentration in the first data point after 7.5 min. using the new 
reactor top section. Therefore, there was no need to adjust sulfidation time to account for 










































































Figure 5-2. Tracer Test Results with New Reactor Top and Old Reactor Top 
5-3-2. Dimensionless Time 
Total reaction time (dimensionless time =1) is calculated as in the following 
example: 
2CeO2(s) + H2(g) + H2S(g)  Ce2O2S(s) + 2H2O(g) 
6g of CeO2 = 0.0348603 mol of CeO2 
mols of H2S to be reacted = 0.0174302 mol 
H2S flow rate = 2.0 sccm  8.928 ×10-5 mol/min 
Total Reaction time Equivalent to Dimensionless Time =1 is 195 min 
  
The above example illustrated the procedure used to calculate dimensionless time. 
However, dimensionless time also varies with sorbent composition and with weight loss 
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during the preheating prior to sulfidation. Table 5-1 shows dimensionless time calculation 
procedures for all commercially available sorbents described in this chapter.  
Table 5-1. Dimensionless Time of Commercially Available Sorbents.  
Sorbents Ce(RP) Ce(Alfa) CeC(Alfa) CZ(Nex)85 CZ(Nex)80 CZ(Nex)70 
Molecular weight, g 172.11 172.11 172.11 164.78 162.33 157.44 
Initial charge, g 6 6 6 6 6 6 
Weight loss prior to 
sulfidation, % 9 5.5 22.9 6 5.3 5 
Active sorbent charge, g 5.46 5.67 4.63 5.64 5.68 5.70 
Moles of sorbent, (×10-2) 3.17 3.29 2.69 3.42 3.50 3.62 
Moles of H2S to be reacted, 
(×10-2) 1.59 1.65 1.34 1.71 1.75 1.81 
H2S flow rate (×10-5), 
mol/min 8.93 8.93 8.93 8.93 8.93 8.93 
Dimensionless time=1, min 179 184 151 191 196 203 
 
 In Table 5-1, CeC(Alfa) showed the shortest total reaction time equivalent to 
dimensionless time = 1 because of the large weight loss during preheating. Total reaction 
times for CZ(Nex) sorbents were calculated based on the assumption that sulfidation of 
Ce1-xZrxO2 forms Ce2(1-x)Zr2xO2S instead of Ce2O2S-ZrO2. The details and background for 
this assumption are presented in the next chapter.   
5-3-3. Typical Sulfidation Example 
Figures 5-3 and 5-4 show the results of sulfidation tests Ce(RP)-01 and Ce(RP)-
02 at 800oC with feed gas containing 50%H2, 0.5%H2S and 49.5%N2. The two tests were 
carried out under identical conditions to check reproducibility. The sorbents were not 
pretreated before sulfidation except for pelletizing, crushing and sieving. In these tests, 
the product gases were diverted to the TCD immediately after the PFPD became 











































Total flow rate = 400 ml/min
Ce(RP)-01
Ce(RP)-02
Charge: 6g Ce(RP) + 3g Al2O3















































Ce(RP)-01 and Ce (RP)-02
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are shown in Figure 5-3, while Figure 5-4 shows early results on a highly expanded 
concentration scale. 
The sulfidation breakthrough curves (Figure 5-3) may be divided into three 
sections: prebreakthrough, active-breakthrough, and post-breakthrough. The 
prebreakthrough portion is the most important section because it identifies the ultimate 
H2S removal capability of the sorbent at the reaction conditions. During the 
prebreakthrough portion, most of the H2S gas reacted with CeO2 or CeOn (1.5 <n< 0.5), 
and the product gas contained less than 1 ppmv of H2S (Figure 5-4). At the beginning of 
the active-breakthrough region, the leading edge of the sulfidation reaction front reached 
the exit of the sorbent bed and the product H2S concentration began to increase with time. 
During post-breakthrough, the sorbent bed approached complete conversion and 
essentially all the H2S in the feed gas passed through the sorbent bed without reaction. 
The effluent H2S concentration in this region should match the H2S concentration in the 
feed gas. 
Results of the two tests shown in Figure 5-3 were almost identical in terms of the 
beginning of active-breakthrough and the slope of the active-breakthrough curve. Sulfidation 
test Ce(RP)-01 was carried out until the sorbent was saturated, while sulfidation test Ce(RP)-
02 was carried out until the H2S concentration reached 2000 ppmv.  
Figure 5-3 also shows the cumulative fractional conversions of CeO2 into Ce2O2S, 
calculated by numerically integrating the area above the breakthrough curve in the range of   
0 < H2S(ppmv) < 5000. The CeO2 conversion was approximately 75% at the beginning of 
active-breakthrough in both tests and above 90% at the conclusion of test Ce(RP)-01 that was 
carried out to completion. 
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Figure 5-4 shows the prebreakthrough results in expanded scale to provide greater 
detail during the early reaction period. Even though prereductions were not carried out, the 
product gases contained less than 1 ppmv of H2S due to the extremely highly reducing feed gas. 
Bumps (higher H2S concentration regions) appeared in the early part of the prebreakthrough 
curves. The existence of these bumps is explained as follows. Without prereduction, the entire 
sorbent bed was CeO2 at the beginning of the test, and reduction and sulfidation occurred 
simultaneously. The early bumps were associated with incomplete early reduction. However, 
because of the large H2 to H2S ratio (flow rate ratio = 100 : 1), reduction occurred downstream 
of the sulfidation reaction front and the subsequent reaction was between H2S and CeOn (1.5 < 
n < 2.0).  Figure 5-5 shows a schematic diagram of this phenomenon. 
 






 2CeO2-x(s)+(1-2x)H2(g)+H2S(g)  Ce2O2S(s) +2(1-x)H2O(g) 
 
Sorbent bed 





 Quartz disk 
  
 
 Product gas 
 
Figure 5-5. Schematic Diagram of Sulfidation Without Prereduction 
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For practical purposes, results of the duplicate tests were identical. The biggest 
difference is in the prebreakthrough portion just before active breakthrough began where 
the H2S concentrations were about 0.03 and 0.10 ppmv in Ce(RP)-01 and Ce(RP)-02, 
respectively.  As described in Chapter 3, the minimum H2S calibration concentration was 
0.10 ppmv so that the results for Ce(RP)-01 represent extrapolated values. 
5-3-4. Sulfidation of Pure CeO2 Sorbents 
5-3-4-1.  Sulfidation of Pure CeO2 Sorbents From Different Manufacturers 
 As mentioned in Chapter 3, three different pure CeO2 sorbents -- Ce(RP), 
Ce(Alfa), and CeC(Alfa) -- were commercially available. Sulfidation tests were carried 
out using those three sorbents with identical test conditions for comparison purposes. All 
sorbents were tested at 700oC, and none were pre-reduced before sulfidation. Gas 
composition was 50% H2, 0.5% H2S, and 49.5% N2. Figures 5-6 and 5-7 compare the 
sulfidation results of the sorbents. Results of the complete tests are shown in Figure 5-6, 
while Figure 5-7 shows results on an expanded concentration scale. Overall sulfidation 
profiles were quite similar as shown in Figure 5-6. However, in the expanded 
concentration scale in Figure 5-7, Ce(Alfa) showed higher H2S effluent concentration 
(about 6 ~ 10 ppmv) than the other two sorbents for the entire time in the 
prebreakthrough region.  
In most cases, the end of prebreakthrough is considered to be the dimensionless time at 
which the H2S concentration exceeds 1 ppmv. Local maxima that appear early during 
prebreakthrough are excluded from this consideration. In Figure 5-6, all three sorbents 
appear to have the same prebreakthrough time because of the large concentration scale. 


































Charge: 6g sorbent + 3g Al2O3
 

































Charge: 6g sorbent + 3g Al2O3
 Figure 5-7. Sulfidation Breakthrough Curves of Pure CeO2 Sorbents (Expanded Scale)
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prebreakthrough regions are clearly distinguished from each other. There was no 
prebreakthrough period for Ce(Alfa)-01. Both CeC(Alfa) and Ce(RP) showed 
prebreakthrough H2S concentrations under 1 ppmv. The minimum concentrations reached 
during the prebreakthrough portion were 0.4 ppmv and 0.1 ppmv for CeC(Alfa) and 
Ce(RP), respectively. Active-breakthrough began at dimensionless times of 0.58 and 0.75 
for CeC(Alfa) and Ce(RP), respectively.  
From the sulfidation results of the three pure CeO2 sorbents, Ce(RP) showed the 
most favorable reaction with H2S and Ce(Alfa) the least favorable. These results were 
consistent with the characterization results in Chapter 4. Among the three CeO2 sorbents, 
Ce(RP) showed the greatest level of reduction while CeC(Alfa) and Ce(Alfa) showed 
similar levels of reduction. XRD analysis indicated Ce(Alfa) had the largest crystal size. 
Since Ce(RP) had the greatest potential for the H2S removal, further sulfidation of pure 
CeO2 obtained commercially focused on Ce(RP).  
5-3-4-2. Temperature Effect on Ce(RP) 
 The effect of temperature on H2S removal efficiency using Ce(RP) was tested 
between 600 and 800oC. The sorbent was not pre-reduced. A pressure of 1 atm, total feed 
rate of 400 ml/min, and feed composition of 0.5%H2S, 50%H2, and 49.5%N2 were used 
in all tests. Prebreakthrough results on an expanded concentration scale are shown in 
Figure 5-8.  
Each test produced a small early local maximum in H2S concentration followed by a 
decrease in concentration with time. The local maximum values were 2.7 ppmv, 0.9 ppmv, 
and 0.3 ppmv for 800, 700, and 600oC, respectively. In the plateau region (around 
dimensionless time of 0.5), 800oC sulfidation showed slightly higher H2S concentration (~ 
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0.25 ppmv), with 700 and 600oC showing almost the same H2S concentrations, about 0.1 
ppmv.  
As described in Chapter 2, Ce2O3 undergoes an exothermic reaction with H2S 
while CeO2 undergoes an endothermic reaction. Reduced CeO2 (CeOn with n < 2) should 
have an intermediate heat of reaction. The sulfidation results using Ce(RP) are consistent 
with an exothermic reaction because the experimental H2S concentration decreased  with 
decreasing reaction temperature. Even though the sorbents were not pre-reduced, Ce(RP) 
experienced reduction ahead of the sulfidation reaction front during most of the test 



































Charge: 6g CeO2 + 3g Al2O3
Figure 5-8. Temperature Effect on Sulfidation of Ce(RP) 
The other factor noticeable from Figure 5-8 was that the starting time for active-
breakthrough increased with increasing temperature. Active-breakthrough began at 
dimensionless times of 0.58, 0.75, and 0.82 at 600, 700, and 800oC, respectively. This is 
attributed to the rate of the sulfidation reaction decreasing as reaction temperature decreases.  
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5-3-4-3. The Effect of Prereduction on Ce(RP) 
 Sulfidation results with and without prereduction are compared in Figure 5-9. 
The same sulfidation conditions, as shown in the figure, were used. The prereduction was 
carried out for 4 hours prior to sulfidation with the same conditions as used for 
sulfidation except for the absence of H2S.  With prereduction the H2S concentration 
remained near the 0-ppmv level for about 60 minutes (dimensionless time ~ 0.3). Without 
prereduction, there was a bump (an early local maximum in the prebreakthrough portion) 
in the H2S concentration at 3 ppmv followed by a decrease to less than 1 ppmv between 


































Figure 5-9. The Effect of Prereduction on Sulfidation of Ce(RP) 
 
 The following explanation is proposed for the performance difference. With 
prereduction, the entire bed consisted of CeOn (n < 2) before being exposed to H2S, with 
the value of n depending on the temperature and H2 concentration during reduction. 
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Without prereduction, the entire bed was CeO2 at the beginning of the test and reduction 
and sulfidation occurred simultaneously. Without prereduction, the H2S peak was 
associated with incomplete early reduction. However, because of the large H2 to H2S ratio, 
reduction occurred downstream of the sulfidation reaction front and the subsequent 
reaction was between H2S and CeOm (m < 2). The value of m should be larger than the 
value of n because with prereduction all CeO2 was exposed for 4 hours to 50% H2 
reducing gas with no H2O present. Without prereduction the upstream reaction of H2S 
consumed a small quantity of H2 and produced H2O. The reducing strength of this 
product gas was lower so that m > n and H2S removal potential was reduced.  
Also from Figure 5-9, it is obvious that active-breakthrough of pre-reduced 
Ce(RP) began much earlier than non pre-reduced Ce(RP). The following explanation is 
offered for this difference. If we consider a sorbent particle with prereduction, the entire 
volume of the particle is composed of CeOn (n < 2) before sulfidation. When H2S is 
introduced to the particle, the H2S starts to react with CeOn to produce Ce2O2S. Because 
the CeOn – H2S reaction is very favorable, the reaction tends to occur at the outside of the 
particle without penetrating very far into the center. Sulfidation results in the formation of 
a shell of Ce2O2S, which retards further penetration of H2S into the particle. This may 
cause limited utilization of the sorbent and early active-breakthrough. 
The following calculations illustrate the volume change associated with 
sulfidation. The densities of CeO2 and Ce2O2S were found from HSC Chemistry 
software (Roine, 1997) database as 7.65 and 6 g/ml, respectively. Molar volumes of 
CeO2 and Ce2O2S were calculated to be 22.4 and 57.4 ml/mole, respectively. Since two 
moles of CeO2 react with H2S to produce one mole of Ce2O2S, 44.8 ml of CeO2 are 
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replaced by 57.4 ml of Ce2O2S. This reduces the porosity of the particle and retards 
further sulfidation. 
However, without prereduction, reduction and sulfidation of CeO2 occur 
simultaneously. Since the CeOm sulfidation rate is slower than with CeOn (n <2), H2S can 
penetrate further to the center of the particle before the formation of a shell composed of 
Ce2O2S. Reaction of CeO2 or CeOm (n<m<2) with H2S can occur over a larger fraction of 
the total volume of the particle, thereby delaying the beginning of active breakthrough.  
5-3-4-4. The Effect of CO2 on Sulfidation of Ce(RP) 
 The results of sulfidation tests using Ce(RP) with 3.5% CO2 and without CO2 in 
the feed are shown in Figure 5-10. Other sulfidation conditions, as shown in the figure, 





































CO2: 0 or 3.5%
Balance N2
TF: 400ml/min
Charge: 6g Ce(RP) + 3g Al2O3
Temperature: 800oC
Ce(RP)-7, 9
Figure 5-10. The Effect of CO2 on Sulfidation of Ce(RP) 
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The sulfidation test without CO2 in Figure 5-10 is the same at the test without 
prereduction shown in Figure 5-9, and the test at 800oC in Figure 5-8. Without CO2, the 
prebreakthrough maximum was 2.7 ppmv followed by an H2S concentration decrease to 
under 0.5 ppmv in the range of dimensionless time of 0.2 to 0.78. With 3.5% CO2, H2S 
concentration remained at about 5 ppmv for dimensionless time of 0.1, jumped to 250 
ppmv at dimensionless time of 0.2, and gradually increased to about 400 ppmv at 
dimensionless time of 0.78. From Table 4-2 we see that the degree of reduction of Ce(RP) 
at 700oC in this gas composition (Gas 3) was negligible. Thus for practical purpose the 
reaction was between CeO2 and H2S. According to HSC Chemistry software (Roine, 
1997), the equilibrium H2S concentration at 700oC in this gas composition is 166 ppmv, 
and the experimental values of 250 ~ 400 ppmv are reasonable.  
5-3-5. Sulfidation of CeO2-ZrO2 (CZ) Sorbents 
 Sulfidation tests using donated CZ sorbents from NexTech were carried out to identify 
the effect of ZrO2 addition on sulfidation performance. As described in Chapter 4, small 
amounts of the three sorbents, CZ(Nex)85, CZ(Nex)80, and CZ(Nex)70, were available for 
sulfidation tests. Only three or four sulfidation tests could be carried out using each sorbent.  
5-3-5-1. Comparison CZ(Nex) with Ce(RP) on Sulfidation 
 The results of the sulfidation tests Ce(RP)-11, CZ(Nex)85-01, and CZ(Nex)80-01 
are shown in Figure 5-11. Comparison of results on the basis of dimensionless time 
accounts for the different sorbent compositions. The reaction times corresponding to 
dimensionless time = 1 are 179, 191, and 196 for Ce(RP), CZ(Nex)85, and CZ(Nex)80, 




































Figure 5-11. Comparison of Ce(RP) with CZ(Nex) on Sulfidation 
Unexpectedly, as illustrated in Figure 5-11, Ce(RP) showed a significantly longer 
prebreakthrough time and lower H2S concentration than both CZ(Nex) sorbents for most 
of the prebreakthrough region. The performance of CZ(Nex)80 was slightly better than 
CZ(Nex)85 in the prebreakthrough region. However, the difference is very small 
considering that the minimum detectable H2S concentration of PFPD was 0.1 ppmv. 
Active-breakthrough began at almost the same time, but much earlier than Ce(RP).  
The above result was contrary to the assumption that ZrO2 addition to CeO2 would 
enhance the desulfurization ability of the sorbent. However, CZ(Nex) and Ce(RP) possess 
different physical and chemical properties which might overwhelm the effect of ZrO2 
addition. For example, if CZ(Nex) was compared to Ce(Alfa), which has relatively poor 
sulfidation performance, we would conclude that the effect of ZrO2 addition to CeO2 on 
sulfidation was positive. However, this conclusion might also be false since CZ(Nex) and 
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Ce(Alfa) also have very different physical and chemical properties. Therefore, access to Ce 
and CZ sorbents that possess similar physical and chemical properties is required to fairly 
evaluate the effect of ZrO2 addition. Therefore, CeO2 and CeO2-ZrO2 sorbents [Ce(LSU) and 
CZ(LSU)] having similar properties were prepared using precipitation and coprecipitation 
methods for sulfidation tests. The preparation methods were described in Chapter 3. The 
sulfidation results are described and discussed in the next chapter.  
5-3-5-2. The Effect of Prereduction on CZ(Nex)85 
The results of sulfidation tests using CZ(Nex)85 with and without prereduction 
are shown in Figure 5-12. The same sulfidation conditions, as shown in the figure, were 
used. Unlike prereduction of Ce(RP), prereduction of CZ(Nex)85 did not cause a 
significant change in the active-breakthrough beginning time.  
Prereduction of CZ(Nex)85 reduced the concentration of H2S significantly from 
about 0.5 ppmv to below the calibration limit. This agrees with the results of pre-reduced 
tests using Ce(RP) shown in Figure 5-9. The 0.01 ppmv H2S concentrations shown in 
Figure 5-12 were obtained by extrapolating the calibration curve of the PFPD.  
5-3-5-3. The Effect of CO2 on CZ(Nex)70 Sulfidation 
A sulfidation test using CZ(Nex)70 at 800oC was carried out with the feed gas 
containing 3.5% CO2, 50%H2, 0.5%H2S, and 46%N2. The result of this sulfidation test is 
compared with results of Ce(RP)-09, which had same test conditions and a tracer test at 
700oC in Figure 5-13.  
The results are reported in terms of dimensional time to compare sulfidation results 
with the non-reacting tracer test results. The reduction tests reported in Chapter 4 showed 
































































Charge: 6g sorbent + 3g Al2O3
Sufidation Temp: 800oC






Figure 5-13. The Effect of CO2 on Sulfidation of CZ(Nex)70-01 
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50%H2/3.5%CO2/46.5%N2 (Gas 3), the same gas composition as used in the sulfidation test 
except for the H2S content. However, CZ(Nex)70 showed extremely poor sulfidation 
performance. H2S effluent concentration rapidly increased to almost the same as the feed 
H2S concentration after two data points while Ce(RP) reached a new steady-state 
concentration of about 250 ~ 400 ppmv after a few data points. A non-reacting tracer test at 
800oC was not carried out. However, since the tracer test at 700oC showed 95% of H2S feed 
concentration at first data point, a tracer test at 800oC should show almost the same result. 
Compared to the non-reacting tracer test, CZ(Nex)70 removed only a small amount of H2S. 
Its fractional conversion was only about 10%. This indicates that CZ(Nex)70 is almost inert 
to H2S with a feed gas containing 3.5%CO2. Because of the small amount of sorbent 
available, further sulfidation tests using CZ(Nex) could not be made. The effect of CO2 on 
CZ(LSU) sorbents is discussed further in the next chapter. 
5-4. Conclusion 
 In this chapter, commercially available pure CeO2 and Ce1-xZrxO2 sorbents were 
tested for sulfidation performance. In tests of pure CeO2 sorbents, Ce(RP) showed the best 
performance. Tests at 600oC, 700oC, and 800oC using Ce(RP) in a highly reducing gas 
showed that the H2S concentration of the product gas was less than 1 ppmv during 
prebreakthrough, and decreased as temperature decreased. Prebreakthrough time increased 
as the temperature increased. The prereduction of Ce(RP) decreased H2S concentration to 
practically zero in the prebreakthrough region, but also decreased the prebreakthrough 
duration from a dimensionless time of 0.77 to 0.3. With 3.5%CO2 addition to the feed, H2S 
concentration remained under 5 ppmv for a dimensionless time of about 0.12, and then 
plateaued near 400 ppmv prior to final breakthrough at dimensionless time of about 0.8.  
 100
 101
In the sulfidation tests using CZ(Nex) sorbents, CZ(Nex)85 and CZ(Nex)80 
showed very similar results in the prebreakthrough region with H2S concentration less 
than 1 ppmv until a dimensionless time of 0.4. Prereduction of CZ(Nex)85 decreased the 
H2S concentration to near 0 ppmv, similar to the results using pre-reduced Ce(RP). 
Unlike the Ce(RP), the end of prebreakthrough occurred at a dimensionless time of about 
0.33 both with and without prereduction. 3.5%CO2 addition to the feed made CZ(Nex)70 
nearly inert to H2S.  
 In summary, the results from sulfidation tests showed that Ce(RP) and CZ(Nex) 
sorbents are excellent sorbent candidates for high temperature desulfurization from 
extremely highly reducing coal gas. However, the effects of CO2 addition to the feed and 
ZrO2 addition to CeO2 were not clearly identified. These topics are discussed in more 
detail in the next chapter.  
CHAPTER 6. SULFIDATION TEST RESULTS USING LSU SORBENTS 
As described in Chapter 4, three ceria based sorbents containing different zirconia 
contents were prepared using a coprecipitation method, and subjected to desulfurization 
testing. The three sorbents contained 0%, 10% and 20% ZrO2, and are designated as 
Ce(LSU), CZ(LSU)90, and CZ(LSU)80, respectively. Unlike the commercial sorbents 
described in Chapter 5, the LSU sorbents possessed similar properties. For example, grain 
sizes of LSU sorbents varied from 12.7 nm to 18.8 nm while those of commercial sorbents 
varied from 2.7 nm to 25.3 nm (see Table 4-6). BET surface areas of LSU sorbents also lie in 
a narrower range than commercial sorbents (Table 4-7).  
In the experimental tests using LSU materials the sorbent charge was reduced to 
conserve sorbent, which also had the effect of reducing reaction time. The reduced sorbent 
charge was offset by a reduction in volumetric feed rate and reduced H2S content. The net 
effect was to increase the duration of a reaction test. For example, using Ce sorbents (no 
zirconia) a dimensionless time = 1.0 corresponds to 179 min under reaction conditions of 
Chapter 5, and 674 min under the conditions used in this chapter. This increased the duration 
of the steady state periods and increased the ability to detect small changes in product H2S 
concentration. Table 6-1 compares the test conditions used in Chapter 5 and this chapter.  
Table 6-1. Comparison of Test Conditions of Chapter 5 and Chapter 6. 
 LSU Sorbent (This chapter) 
Commercial Sorbent 
(Chapter 5) 
Total Feed Rate, ml/min (STP) 80 400 
H2 10% 50% 
H2S 0.25% 0.5% 
CO2 variable variable 
N2 balance balance 
Sorbent Charge, g 2 6 
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This chapter describes the results of sulfidation tests with various feed gas 
compositions and temperatures using Ce(LSU) and CZ(LSU) sorbents.  
6-1. Defining Dimensionless Time 
 There are two possible ways to write the stoichiometric equation for the sulfidation 
of ceria-zirconia sorbents: 
 2Ce1-xZrxO2(s) + (1-x)H2(g) + (1-x)H2S(g)  
 (1-x)Ce2O2S(s) + 2xZrO2 + 2(1-x)H2O(g)   (6-1) 
2Ce1-xZrxO2(s) + H2S(g) + H2(g)  Ce2(1-x)Zr2xO2S(s) + 2H2O(g)          (6-2) 
These equations differ in two significant ways. The first requires phase separation of Ce and 
Zr while the second does not. Checking for phase separation by XRD analysis of the solid 
product was not feasible since the product solid oxidizes spontaneously in air to reform the 
solid reactant and liberate SO2. The first option also requires that the sorbent capacity be 
reduced as more Zr as added. The second actually implies a small increase in capacity per 
unit sorbent mass since the atomic weight of zirconia is less than that of ceria. 
 Dimensional time in minutes corresponding to dimensionless time = 1 for the 
three sorbents and the two possible stoichiometries are presented in Table 6-2. These 
calculations include corrections for volatile weight losses in an inert atmosphere of 5.2% 
for Ce(LSU), 9.8% for CZ(LSU)90, and 4.9% for CZ(LSU)80. 
 Figure 6-1 compares sulfidation results for the three LSU sorbents. The 
sulfidation temperature was 700oC and other conditions were as specified in Table 6-1. 
The time at which the H2S concentration in the product gas reaches one-half the feed 
concentration provides a rough experimental measure of the dimensional time 
corresponding to dimensionless time = 1. From Figure 6-1, we see that all half-
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Table 6-2. Dimensionless Times Calculation of LSU Sorbents. 
Sorbents Ce(LSU) CZ(LSU)90 CZ(LSU)80 
Assumption 1  
2Ce1-xZrxO2(s) + (1-x)H2(g) + (1-x)H2S(g)  (1-x)Ce2O2S(s) + 2xZrO2 + 2(1-x)H2O(g) 
Molecular weight of active sorbent, g 172.11 (CeO2 only) 
Initial charge, g 2 2 2 
Weight loss prior to sulfidation, % 5.2 9.8 4.9 
Active sorbent charge, g 
(weight loss & ZrO2content subtracted) 
1.896 1.624 1.521 
Moles of active sorbent, (×10-3) 11.0 9.44 8.84 
Moles of H2S to be reacted, (×10-3) 5.50 4.72 4.42 
H2S flow rate (×10-6), mol/min 8.17 8.17 8.17 
Dimensionless time=1, min 674 577 541 
Assumption2 
 2Ce1-xZrxO2(s) + H2S(g) + H2(g)  Ce2(1-x)Zr2xO2S(s) + 2H2O(g) 
Molecular weight of active sorbent, g 172.11 167.22 162.33 
Initial charge, g 2 2 2 
Weight loss prior to sulfidation, % 5.2 9.8 4.9 
Active sorbent charge, g 
(weight loss subtracted) 1.896 1.804 1.902 
Moles of sorbent, (×10-3) 11.0 10.7 11.7 
Moles of H2S to be reacted, (×10-3) 5.50 5.35 5.85 
H2S flow rate (×10-6), mol/min 8.17 8.17 8.17 
Dimensionless time=1, min 674 658 716 
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breakthrough times are in the range of 710 to 740 minutes, much closer to the calculated 
values of dimensionless time = 1 based on the second stoichiometric equation. In 
particular, half-breakthrough of CZ(LSU)80 should occur at 540 minutes based on 
stoichiometric equation (6-1) and at 720 minutes based on stoichiometric equation (6-2). 
The latter value corresponds quite closely to the experimental value of about 710 min. 
Therefore, the analysis of all experimental results using LSU sorbents in based 






























 Figure 6-1. Results of Sulfidations using LSU sorbent 
6-2. Comparison of Ce(LSU) with  CZ(LSU) on Sulfidation 
 The results of sulfidation tests Ce(LSU)-05, CZ(LSU)90-07, and CZ(LSU)80-10 
are compared on the basis of dimensionless time in Figure 6-2. Each sulfidation test was 
performed at 700oC with feed containing 10%H2/0.25%H2S/89.75%N2. The sorbents 




































Total Flow : 80 ml/min
 
 Figure 6-2. Comparison of Ce(LSU) with CZ(LSU) on Sulfidation (CO2 free) 
Ce(LSU) and both CZ(LSU) sorbents showed similar desulfurization 
performance. H2S concentration levels during the prebreakthrough period remained in the 
range of 0.1 to 0.2 ppmv for all three sorbents. Active-breakthrough, corresponding to a 
H2S product gas composition of 1 ppmv, began at dimensionless times of 0.35 for 
Ce(LSU), 0.32 for CZ(LSU)90, and 0.44 for CZ(LSU)80, respectively.  
As described earlier, a dimensionless time of 1 is equivalent to 674 minutes for 
Ce(LSU), 658 minutes for CZ(LSU)90, and 716 minutes for CZ(LSU)80. Considering that 
theoretical reaction time is about 11 to 12 hours, the difference in prebreakthrough duration 
times of 0.1 between Ce(LSU) or CZ(LSU)90 and CZ(LSU)80, is quite significant.  
Figure 6-3 shows a similar comparison as Figure 6-2, but with 0.5% CO2 in the 
feed gas. Ce(LSU) resulted in higher H2S concentration during prebreakthrough, with 
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CZ(LSU)90 and CZ(LSU)80 having almost the same H2S prebreakthrough concentration 
level. Ce(LSU) did not exhibit a steady state prebreakthrough H2S concentration: The 
concentration initially decreased after small local maximum and then quickly exceeded 




































Total Flow : 80 ml/min
 
 
 Figure 6-3. Comparison of Ce(LSU) with CZ(LSU) on Sulfidation (0.5%CO2) 
Comparing Figures 6-2 and 6-3, we see that the prebreakthrough time is greater 
using Ce(LSU)80 in both gases, with essentially no difference in prebreakthrough H2S 
with no CO2 in feed gas for all three sorbents, and measurable improvement in 
prebreakthrough H2S for both CZ sorbents when the feed gas contained CO2. This 
contrasts with commercial sorbent results from Chapter 5 where Ce(RP) was superior to both 
CZ(Nex) sorbents in terms of both prebreakthrough H2S concentration and duration of the 
prebreakthrough period.  
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6-3. Prereduction Effect on LSU Sorbents 
6-3-1. Ce(LSU) 
 Results of sulfidation tests Ce(LSU)-05 and Ce(LSU)-18, with and without 
prereduction, are compared in Figure 6-4. The same sulfidation conditions, as shown in 
the figure, were used in both tests. The prereduction was carried out for 4 hours prior to 
sulfidation using the same temperature and sulfidation gas composition, except for the 





































Figure 6-4. The Effect of Prereduction on Sulfidation of Ce(LSU) 
 With prereduction the H2S concentration remained near the 0-ppmv level for 
about 195 minutes (dimensionless time ~ 0.29). Without prereduction, H2S concentration 
remained between 0.1 to 0.2 ppmv until 235 minutes (dimensionless time ~ 0.35).  
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Comparing these results with sulfidations of Ce(RP) with and without 
prereduction in (Figure 5-9), the major difference is that prereduction of Ce(RP) 
decreased the prebreakthrough duration by a large amount, from dimensionless time 0.8 
to 0.32, while prereduction of Ce(LSU) decreased the prebreakthrough dimensionless 
time duration only from 0.35 to 0.29. Considering that Ce(RP) and Ce(LSU) showed 
similar reducibility in reducing Gas 1 containing 10%H2 and 90%He (see Table 4-2), 
differences in reducibility of Ce(RP) and Ce(LSU) were excluded as a possible cause. 
More extensive sintering of the higher surface area of Ce(RP) is the more likely cause of 
the larger reduction in prebreakthrough time. The BET surface area of Ce(RP) was 
reduced from 210 to 110 m2/g after 4 hours of calcination at 700oC. Ce(LSU) has larger 
grain size than Ce(RP) and the BET surface area reduction after the same calcination 
treatment was less severe than Ce(RP).  
6-3-2. CZ(LSU)90 and CZ(LSU)80 
Figure 6-5 compares results of sulfidation tests CZ(LSU)90-07 and CZ(LSU)90-08 
with and without prereduction. Sulfidation with and without prereduction was carried out at 
700oC with the feed containing 10%H2/0.25%H2S/89.75%N2. Prereduction lasted 4 hours 
at 700oC with the reducing gas containing 10%H2/90%N2.  
 The sulfidation results using CZ(LSU)90 with and without prereduction are almost 
the same as found with Ce(LSU) (Figure 6-4) except that the CZ(LSU)90 prebreakthrough 
duration time with prereduction was longer than without prereduction. Active-breakthrough 
began at 197 minutes (dimensionless time ~ 0.3) without prereduction, and at 230 minutes 
(dimensionless time ~ 0.35) with prereduction. This was also opposite to the result of pre-



































Total Flow : 80 ml/min
 
CZ(LSU)90-07,08
Figure 6-5. The Effect of Prereduction on Sulfidation of CZ(LSU)90 
 Figure 6-6 compares results of sulfidation tests CZ(LSU)80-10 and CZ(LSU)80-11, 
with and without prereduction. The sulfidation conditions were the same as used with 
Ce(LSU) and CZ(LSU)90. The results were qualitatively similar to the results of 
CZ(LSU)90. Prereduction increased the prebreakthrough duration to a dimensionless 
time of 0.53 (380 minute), while active-breakthrough began at dimensionless time of 0.44 
(315 minutes) without prereduction. 
 The overall conclusion of the effect of prereduction of LSU sorbents is that 
prereduction decreased the prebreakthrough concentration from 0.1 ~ 0.2 ppmv to near 
zero with no apparent effect of ZrO2 addition. However, ZrO2 addition with prereduction 
increased the duration of the prebreakthrough period, while prereduction decreased the 



































Total Flow : 80 ml/min
 
CZ(LSU)80-10, 11
 Figure 6-6. The Effect of Prereduction on Sulfidation of CZ(LSU)80 
6-4. Sulfidation Temperature Effect 
 The effect of temperature on H2S removal efficiency using LSU sorbents was 
tested between 600oC and 750oC. The sorbents were not pre-reduced. A pressure of 1 
atm, total feed rate of 80 ml/min, and feed composition of 10%H2/0.25%H2S/89.75%N2 
were used in all tests. Results are reported only in the prebreakthrough concentration 
range using a highly expanded concentration scale. Figure 6-7 shows the sulfidation 
results using Ce(LSU) at different temperatures. H2S prebreakthrough concentration 
levels at both 700oC and 750oC were less than 0.2 ppmv. At 600oC, there was a local 
maximum early in the prebreakthrough period and the H2S concentration gradually 
decreased to about 0.25 ppmv shortly before active breakthrough. Active-breakthrough 
began at dimensionless times of 0.27 (180 minutes) at 600oC, 0.32 (215 minutes) at 
700oC, and 0.44 (296 minutes) at 750oC. The increase in prebreakthrough duration time 
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as temperature increased was consistent with the results using Ce(RP) (Figure 5-8). 
However, the prebreakthrough duration ranged from dimensionless times of 0.58 to 0.82 
using Ce(RP) compared to 0.27 to 0.44 using Ce(LSU). The decreased prebreakthrough 
































Total Flow : 80 ml/min
Ce(LSU)-05,08,18
Figure 6-7. The Effect of Temperature on Sulfidation of Ce(LSU) 
Figures 6-8 and 6-9 show results of sulfidation tests using CZ(LSU)90 and 
CZ(LSU)80 as a function of sulfidation temperature. The results using CZ(LSU)90 in 
Figure 6-8 are similar to those of Ce(LSU) in Figure 6-7. H2S concentration levels using 
CZ(LSU)90 in Figure 6-8 at both 600oC and 700oC remained less than 0.2 ppmv 
throughout the prebreakthrough period while prebreakthrough concentration at 750oC 
was about 0.25 ppmv. There was a larger local maximum in the early prebreakthrough 































Total Flow : 80 ml/min
CZ(LSU)90-02,03,07
 






























Total Flow : 80 ml/min
 
 
Figure 6-9. Temperature Effect on Sulfidation Tests Using CZ(LSU)80 
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times of 0.12 (66 minutes) at 600oC, 0.32 (210 minutes) at 700oC, and 0.47 (300 minutes) 
at 750oC. Like Ce(LSU) shown in Figure 6-7, the prebreakthrough duration time 
increased as temperature increased.  
The sulfidation results using CZ(LSU)80 in Figure 6-9 also show very similar 
patterns as CZ(LSU)90. The primary difference is that the prebreakthrough duration time 
is longer with CZ(LSU)80 at all temperatures. Active-breakthrough began at 
dimensionless times of 0.21 (150 minutes) at 600oC, at 0.44 (315 minutes) at 700oC, and 
at 0.6 (430 minutes) at 750oC. Prebreakthrough H2S concentrations were about 0.1 ppmv, 
0.14 ppmv, and 0.19 ppmv at 600oC, 700oC, and 750oC, respectively. 
The most noticeable difference in the results using Ce(LSU) and CZ(LSU) 
sorbents is that the largest maximum early during prebreakthrough occurred at 600oC for 
Ce(LSU) and at 750oC for CZ(LSU) sorbents. We offer no explanation for this difference.  
ZrO2 addition to the LSU sorbents increased the prebreakthrough duration. This 
result is opposite that noted in Chapter 5 using commercial sorbents. There the addition 
of ZrO2 decreased the prebreakthrough duration time. This result again emphasizes the 
importance of sorbent structural properties as well as sorbent composition.  
6-5. The Effect of CO2 Addition to Feed 
 Sulfidation tests using the three LSU sorbents were carried out with varying CO2 
feed composition. All sorbents were tested at identical conditions. The temperature was 
700oC, and 2g of sorbent mixed with 4g of Al2O3 were used for each sulfidation. The feed 
contained 10% H2, 0.25% H2S, balance N2 and CO2 was varied between 0% and 1.0 %.  
 Figures 6-10 and 6-11 show results of sulfidation tests using Ce(LSU) as a function 


































TF : 80 ml/min





































TF : 80 ml/min
Ce(LSU)-17,19,20,22
 
Figure 6-11. The Effect of CO2 Addition on Sulfidation Using Ce(LSU) (Expanded Scale) 
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Figure 6-11 shows a highly expanded H2S concentration scale during the 
prebreakthrough period.  
 Figure 6-10 clearly shows that H2S concentration plateaus were formed following 
initial breakthrough. The H2S concentration plateaus were approximately 100 ppmv for 
0%CO2, 250 ppmv for 0.2%CO2, 320 ppmv for 0.5%CO2, and 450 ppmv for 1.0%CO2. 
Prebreakthrough time also decreased as the CO2 content of the feed increased. H2S 
concentrations in equilibrium with CeO2 in the above gas compositions were calculated 
using HSC software (Roine,1997). The calculated H2S concentrations were 25 ppmv for 
0.2%CO2, 53 ppmv for 0.5%CO2, and 101 ppmv for 1.0%CO2, respectively. All 
experimental plateau H2S concentrations were considerably lager than the equilibrium 
values.  
 Figure 6-11 shows the sulfidation performance of Ce(LSU) in the 
prebreakthrough period in greater detail. Active breakthrough began at dimensionless 
times of 0.35 for 0%CO2, 0.17 for 0.2%CO2, and 0.12 for both 0.5% and 1%CO2. 
Prebreakthrough concentrations were in the 0.1 to 0.2 ppmv range except at 0.5%CO2, 
where the prebreakthrough concentration was about 0.5 ppmv. 
 Figures 6-12 and 6-13 show results of sulfidation tests using CZ(LSU)90 as a 
function of CO2 content in the feed. As before, Figure 6-12 shows the full scale of H2S 
concentration while Figure 6-13 shows a highly expanded H2S concentration scale during 
the prebreakthrough period. 
 The overall features of the sulfidation results using CZ(LSU)90 in Figures 6-12 
and 6-13 are similar to those of Ce(LSU) in Figures 6-10 and 6-11. H2S concentration 
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 Figure 6-13. The Effect of CO2 on Sulfidation Using CZ(LSU)90 (expande scale) 
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decreased as CO2 content increased. However, H2S concentration levels in the active-
breakthrough period were much higher than found with Ce(LSU). Plateaus were not 
found; instead the concentration increased gradually, but continuously. Figure 6-13 shows 
that active breakthrough began at dimensionless time of 0.32 for 0%CO2, 0.17 for 
0.2%CO2, and 0.13 for both 0.5%CO2 and 1.0%CO2. Unlike Ce(LSU), prebreakthrough 
H2S concentrations for all CO2 contents were in the range between 0 and 0.2 ppmv. 
 Figures 6-14 and 6-15 show results of sulfidation tests using CZ(LSU)80 as a 
function of CO2 content. Figure 6-14 shows the full scale of H2S concentration while 
Figure 6-15 shows a highly expanded scale of H2S concentration during the 
prebreakthrough period. 
 Most of features of sulfidation tests using CZ(LSU)80 are similar to those of 
CZ(LSU)90. However, prebreakthrough duration times were longer with CZ(LSU)80 than 
with either Ce(LSU) or CZ(LSU)90. Active-breakthrough began at dimensionless times of 
0.44 for 0% CO2, 0.3 for 0.2%CO2, 0.24 for 0.5%CO2, and 0.15 for 1.0%CO2, respectively.  
 Table 6-2 summarizes key results from Figures 6-10 through 6-15 in terms of the 
prebreakthrough H2S concentrations and duration of the prebreakthrough period (both 
dimensionless time and dimensional time). The beginning of the active breakthrough was 
considered to be the time when the H2S concentration exceeded 1 ppmv. As described in 
Chapter 5, local early maxima were excluded for this consideration. If a steady state 
prebreakthrough H2S concentration did not exist (gradually decrease or increase), the 
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CZ(LSU)80-10,12,13,15
 










































Figure 6-15. The Effect of CO2 on Sulfidation Using CZ(LSU)80 (Expanded Scale) 
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             In Table 6-3, H2S prebreakthrough concentrations were similar for all sorbents and 
for all CO2 concentration That is, prebreakthrough H2S concentration was only weakly 
dependent on CO2 content of the feed and ZrO2 content of the sorbents. However, addition of 
20%ZrO2 significantly increased the duration of the prebreakthrough period for all CO2 
concentrations.  
Table 6-3. Sulfidation Performance of LSU Sorbents.  
Sorbents Ce(LSU) CZ(LSU)90 CZ(LSU)80 
Theoretical reaction time, Dimensionless time = 1 674 658 716 
0% CO2 0.1  0.1 0.1 
0.2% CO2 0.1  0.1 0.1 
0.5% CO2 0.4 ** 0.1 0.1 
*H2S concentration level 
in prebreakthrough (ppmv) 
1.0% CO2 0.1 0.1 0.4 
0% CO2 0.35 / 215 0.32 / 210 0.44 / 315 
0.2% CO2 0.17 / 115 0.17 / 111 0.3 / 215 
0.5% CO2 0.12 / 80 0.13 / 85 0.24 / 170 
Active breakthrough 
beginning time, 
(Dimensionless time/real time, min) 
1.0% CO2 0.12 / 80 0.13 / 85 0.15/ 107 
* Local maxima were excluded and the values represent prebreakthrough H2S concentration. 
**  Steady state H2S level does not exist. 
 
6-6 Conclusion 
 In this chapter, results of sulfidation tests using pure CeO2 [Ce(LSU)] and       
Ce1-xZrxO2 [CZ(LSU)90 and CZ(LSU)80] sorbents prepared by coprecipitation at LSU 
were presented.  
 All sorbents showed excellent H2S removal in the prebreakthrough period. H2S 
concentrations remained less than 0.2 ppmv for each sorbent in sulfidation tests at 700oC 
using a highly reducing, CO2 free feed gas. ZrO2 addition did not significantly change the 
 120
 121
product H2S concentration during the prebreakthrough period. However, 20 % ZrO2 
addition increased prebreakthrough duration time from dimensionless time of 0.35 (215 
minutes) to 0.44 (315 minutes) as shown in Table 6-2.  
 Prereduction for 4 hours in 10%H2-90%N2 resulted in prebreakthrough H2S 
concentrations near zero for all sorbents. Prereduction caused a decrease in the duration 
of the prebreakthrough period using Ce(LSU) sorbent but the prebreakthrough duration 
increased using both CZ(LSU) sorbents. The increase was greater with the higher ZrO2 
content.  
The temperature effect on sulfidation was investigated between 600oC and 
750oC. Like sulfidation results using commercial sorbents discussed in Chapter 5, the 
prebreakthrough duration time decreased as temperature decreased. Sulfidation of 
Ce(LSU) sorbent at 700oC and 750oC showed the same prebreakthrough H2S 
concentration about 0.1 ~ 0.2 ppmv which was lower than that of sulfidation test at 
600oC. Using CZ(LSU) sorbents, prebreakthrough H2S concentrations of  about 0.1 ~ 0.2 
ppmv were found at 600oC and 700oC, which was lower than prebreakthrough H2S 
concentration at 750oC. This difference is not explained.  
When different CO2 contents were added to the feed, prebreakthrough duration 
time increased as the amount of ZrO2 increased. However, the H2S concentration during 
the prebreakthrough was not affected by CO2 addition.  
  
 
CHAPTER 7  
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
7-1. Background 
The primary purpose of this research project was to examine Ce1-xZrxO2 as a next 
generation high temperature desulfurization sorbent, capable of removing of H2S to less 
than 1 ppmv at temperatures near 700oC. The sulfidation of CeO2 is represented by the 
reaction: 
2CeO2(s) + H2(g) + H2S(g)  Ce2O2S(s) + 2H2O(g)  (7-1)  
However, in the highly reducing Shell gas, the thermodynamic limitation for H2S 
removal by CeO2 is about 1,000 ppmv at temperatures below 350oC, and 800oC is 
required to reach the 100 ppmv level. A two-stage desulfurization process, using zinc-
based sorbent as a polishing step, was proposed (Zhang, 1997).  
 Prebreakthrough H2S concentrations lower than CeO2-H2S thermodynamic 
equilibrium values were reported by Meng and Kay (1987) at temperatures of 870 to 
1020oC using highly reducing feed gases. Zeng (1999) confirmed these results and was 
able to reduce H2S to levels between 1 and 5 ppmv in highly reducing gases at 
temperatures near 700oC. A two-step reduction-sulfidation process involving the 
following reactions was proposed. 
  CeO2(s) + xH2(g)  CeO2-x(s) + xH2O(g)    (7-2) 
 2CeO2-x(s) + H2S(g) +(1-2x)H2(g)  Ce2O2S(s) + 2(1-x)H2O(g)  (7-3) 
where, 0<x<0.5 
The literature confirmed that under appropriate conditions CeO2 could be reduced to non-
stoichiometric CeO2-x (x<0.5) with the value of 2-x dependent on temperature and the 
reducing power of the gas. However, none of currently available coal-gas compositions 
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provides sufficient reducing power to reduce CeO2 to the desired levels. In addition, Zeng 
(1999) showed that the sorbent could be regenerated with the direct production of 
elemental sulfur by the following reaction: 
Ce2O2S(s) + SO2(g)  2CeO2(s) + S2(g)      (7-4) 
 ZrO2 addition to CeO2 to form a solid solution enhances the reduction/oxidation 
properties, inter-lattice oxygen mobility, and the thermal stability of solid solution 
(Trovarelli, 1997). Logically, these enhanced properties should also improve the 
desulfurization performance, and increase sorbent durability during multiple sulfidation-
regeneration cycles. 
 In this research, the Ce1-xZrxO2 is assumed to undergo reduction and sulfidation to 
produce Ce2(1-x)Zr2xO2S. This assumption is justified based on a comparison of the 
theoretical and experimental reaction times. The reaction represented by the following 
equation: 
2Ce1-xZrxO2(s) + H2(g) + H2S(g)  Ce2(1-x)Zr2xO2S(s) + 2H2O(g)  (7-5) 
Although thermodynamic data for Ce1-xZrxO2 are not available, benefits resulting from the 
use of ceria-zirconia mixture that have been reported in oxidation catalysis and three-way 
automotive catalysis provided reason to believe that similar beneficial effects would occur in 
high temperature desulfurization.  
7-2. Summary of Experimental Results 
7-2-1. Sorbent Materials  
 Sorbents used in this research are classified to two categories--commercially 
available sorbents and sorbents prepared at LSU using a coprecipitation method. 
Commercial CeO2 sorbents are obtained from Rhône Poulenc and Alfa Aesar, while three 
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Ce1-xZrxO2 (x = 0.15, 0.2, and 0.3) sorbents were obtained from NexTech. Three different 
sorbent compositions--pure CeO2, Ce0.9Zr0.1O2, and Ce0.8Zr0.2O2--were prepared at LSU. 
7-2-2. Characterization Test Results 
 Reduction tests using a thermogravimetric analyzer (TGA) were carried out to 
confirm that ZrO2 addition would increase the reducibility of the ceria-zirconia sorbents. 
Sorbents were first preheated to 800oC in an inert atmosphere and then cooled to 200oC. 
Sorbents were then reduced between 200oC and 1000oC in three reducing gas 
compositions. The pretreatment provided information about the volatile content of the 
sorbents, which was used in the analysis of sulfidation results. The reduction tests 
showed that ceria-zirconia (CZ) sorbents were reduced to a greater extent than ceria (Ce) 
sorbents.  
 X-ray diffraction analysis showed that all ceria-zirconia sorbents formed solid 
solutions of zirconia in ceria. XRD line broadening showed that test sorbents possessed a 
wide range of crystallite sizes.   
 BET surface area measurements were also carried out on all sorbents in the as-
received condition and after calcination at 700oC for 4 hours in air. Pure ceria from 
Rhône Poulenc showed the largest surface area. However, its surface area was severely 
reduced after calcination. Surface areas of LSU sorbents were reduced after calcination 
but to a lesser extent.  
 Results from early desulfurization tests suggested that although commercial 
sorbents produced favorable H2S removal, the wide variation in physical and chemical 
properties prevented proper evaluation of the effect of zirconia addition. On the other 
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hand, the properties of LSU sorbents prepared by coprecipitation were sufficiently 
constant to study the effect of the addition of zirconia. 
7-2-3. Sulfidation Tests Results. 
 Most sulfidation results were reported in terms of dimensionless time to account 
for variation in volatile content and composition of the various sorbents.   
 Results of sulfidation tests using Rhône-Poulenc ceria (Ce(RP)) and NexTech 
ceria-zirconia (CZ(Nex)) sorbents showed that prebreakthrough H2S concentration could 
be reduced to less than 1 ppmv in highly reducing gases over the temperature range of 
600 to 800oC. Prereduction before sulfidation enabled all commercial sorbents to achieve 
prebreakthrough H2S concentrations approaching zero ppmv. However, prereduction also 
reduced the duration of the prebreakthrough period, by a large amount for Ce(RP) sorbent 
and to a lesser degree for the CZ(Nex) sorbents. The effects of CO2 addition to the feed 
and ZrO2 addition to CeO2 were not clearly identified because of the large variation in 
structural properties of the sorbents. 
All LSU sorbents were also capable of reducing H2S to less than 1 ppmv during 
the prebreakthrough period. ZrO2 addition did not significantly reduce the product H2S 
concentration during the prebreakthrough period, but did increase the prebreakthrough 
duration time.  Prereduction prior to sulfidation resulted in prebreakthrough H2S 
concentration near zero for all sorbents.  
 The experimental study showed both CeO2 and Ce1-xZrxO2 to be excellent 
candidates for a next generation high temperature desulfurization sorbent in a highly 
reducing gas composition. Cerium-based sorbents are capable of reducing the H2S 
concentration in highly reducing coal gas to less than 1 ppmv, and zirconia addition 
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extended the duration of the prebreakthrough period using LSU sorbents. However, 
further improvements are needed to achieve the target H2S concentrations in coal gases 
having less reducing power. 
7-3. Conclusions 
 Although H2S concentration of less than 1 ppmv in the product gas was achieved 
using all LSU sorbents and most commercial sorbents, the addition of ZrO2 did not 
produce the desired results. In other words, ZrO2 addition was expected to reduce H2S 
concentration to lower than pure CeO2 in less reducing coal gas compositions. Overall, 
improvement with ZrO2 addition was minor. There was no appreciable reduction in H2S 
concentration levels during prebreakthrough with ZrO2 addition, and improvement in the 
prebreakthrough duration time with ZrO2 addition was relatively small.  
 Reduction tests proved that ceria-zirconia could be reduced to a greater extent 
than ceria in gas compositions having similar reducing power such to Shell gas. However, 
sulfidation tests showed severe reduction in the duration of the prebreakthrough period as 
the reducing power of the feed gas decreased, even before it reached the reducing power 
of Shell gas.  
 The overall conclusion is that the ceria and ceria-zirconia sorbents tested are 
capable of reducing the H2S content to less than 1 ppmv only in highly reducing gases. 
Further investigations are needed before ceria or ceria-zirconia can be used with gas 
composition having practical reducing power.  
7-4. Recommendations For Future Work 
The ultimate purpose of developing a new sorbent is commercialization. However, 
additional laboratory-scale research is needed at this time. 
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 Optimization of the zirconia content must be studied. In this research the best 
results were achieved with sorbents containing 20% zirconia. Addition of larger 
amounts of zirconia may result in further improvement. 
 Desulfurization ability is also affected by physical and chemical properties of the 
sorbents. Therefore, optimization of sorbent properties to increase surface area and 
to decrease crystallite size should be studied.  
If the above two goals are achieved, the following effort to develop a commercial 
sorbent is needed.  
 Commercial sorbents possessing proper mechanical strength and particle geometry 
must be developed. Commercial sorbents are usually prepared using binders or 
supports to impart desired physical and chemical properties. 
 Since the commercial desulfurization process requires continuous operation, a 
fluidized-bed or moving-bed reactor will probably be used. Therefore, the effects of 
temperature, pressure, feed rate, feed composition on sulfidation and regeneration 
using a large-scale fluidized-bed or moving-bed reactor should be studied.  
 Mathematical modeling of the process using the commercial sorbent and the 
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